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Abstract 
The aim of the thesis is to derive temperatures and abundances for M dwarf 
stars by fitting observed spectra with theoretical spectra derived from model pho-
tospheres. 
Low-resolution CCD spectra and high-resolution Echelle spectra were obtained 
m the far-red for many M dwarfs. Spectrophotometric data in the J, H and K 
passbands were obtained for a few M dwarfs of special interests . 
A plane-parallel model photosphere code was developed by modifying that of 
Wehrse. A grid of model photospheres and a series of corresponding synthetic spec-
tra in the effective temperature range 2500 K - 3800 K and in the [M/H] range 
-2 dex - +0.3 dex were calculated. Synthetic spectra predicted for model photo-
spheres hotter than about 3250 K were found to be satisfactory over both far-red 
and near-IR wavelength regions, as checked against observations. However, spectra 
for models cooler than 3250 K were only found to be satisfactory in the far-red. The 
spectra for the lower temperatures showed significant discrepancies from observa-
tions in the near-IR. Although a conclusive solution to this problem has not been 
achieved, it is suggested, on the basis of experimental calculations, that an incor-
rect temperature stratification resulting from the inadequacy of the mixing-length 
convection theory, causes the wrong spectral-energy distribution in the near-IR of 
the cool models . 
Examinations based on theoretical model and spectral results showed that the 
determination of effective temperatures and metallicities of M dwarfs becomes very 
difficult because of the low temperature in their photospheres resulting in the for-
mation of a large number of molecules and a complex equilibrium state of stellar 
materials. Comprehensive and appropriate approaches are necessary in obtaining 
correct results of analysis. 
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Two interesting early-type M subdwarf stars, Kapteyn's star (GL191) and VB12 
( companion of HD219617) , w re analyzed using our theoretical results. [Fe/HJ of 
GL191 was found to be -0.85 dex, [Ti/HJ -0.75 dex and [0/MJ +0.3 dex, which 
indicates GL191 to be moderately metal deficient. The effective temperature of 
VB12 was determined to be about 3175 K, [M/HJ -1.5 dex and [0/MJ about +0.35 
dex . These results provide the explanation to VB12's puzzling location in the R-
I - M1 plane that its falling below the halo-subdwarf track is caused by its low 
temperature and low metallicity. 
The FeH 9896A was calculated using the synthetic spectral code with the most 
recent molecular data for FeH. The synthesized band is in agreement with obser-
vations with the low dissociation energy and will be a useful in determining the 
temperature of very cool M dwarfs. 
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Chapter 1 
Introduction 
The study of the photospheric region of M dwarfs plays a fundamental role in 
understanding the interior and the evolution of low mass stars. Low mass stars 
numerically dominate the stellar population in the solar neighborhood and some 
belong to a very old population. Investigations of low mass stars have significant 
implications in the context of cosmology, the local-missing mass problem, and the 
evolution of our Galaxy ( e.g. Liebert and Probst 1987, Reid 1989, Spite and Spite 
1985, Carney 1979). This thesis dissertation is devoted to the study of the photo-
spheres of M dwarfs, aiming at investigating the photospheric structures and global 
atmospheric properties of M dwarfs in the quiescent state using thermal models of 
the photosphere and observational data. 
Current photospheric studies, theoretical and observational, enable us to de-
termine effective temperatures, surface gravities and chemical compositions for M 
dwarfs and to derive the thermal structure of their photospheres as well. This is 
very useful for interior studies of M dwarfs and makes it possible to check interior 
models against observations . Recent observational results have revealed some M 
dwarfs with interes ting properties. The investigation of these photospheric proper-
ties and the explanation of the observed data constitute the main initial motives 
of this study. Bessell (1982) published far-red low-resolution spectra of some ex-
tremely metal defi cient cool sub-dwarf stars which show enhanced metal hydride 
bands and very weak T iO bands. Later, Bessell (1991) obtained far-red spectra 
and photometry for many of the reddest M dwarfs. From these data, in parti cular 
from the spectra of these somewhat extreme objects, the atmospheri c properties 
such as effective temperature and chemi cal composit ion, may be determi ned with 
high precision using realistic photosphere models. In addition , owing to the use of 
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improved instruments and more sensitive detectors, a large amount of observational 
data for cool dwarfs has also been obtained with greater detail and larger wave-
length coverage than hitherto possible (for a brief summary, see Bessell, 1991). The 
spectral features and colors of the stars are related to the physical conditions in 
the photospheres. The systematic and adequate interpretation of the observational 
data can best be achieved on the basis of a theoretical study of the photospheres of 
cool dwarfs, involving the construction of model photospheres and the calculation 
of synthetic spectra for the physical conditions approximating actual stars. 
The pioneering work (Tsuji 1967, 1969; Auman 1969) of constructing thermal 
models for the photospheres of M dwarfs , which are characterized by low temper-
ature, high gas pressure and high matter density, goes back to the late 1960s; the 
most recently published models were calculated by Mould (1976) more than a decade 
ago. Table 1 summarizes the previous model photosphere grids for M dwarf stars. 
Detailed reviews of model atmospheres for late-type stars, including M giants, can 
be found in Vardya (1970) , Carbon (1979) , Johnson et al. (1980), Mullan (1986), 
Liebert & Probst (1987) and Gustafsson (1989). The published models, listed in 
Table 1, were computed under the conventional assumptions of thermal energy 
transportation (radiation plus convection), plane-parallel homogeneous layers, hy-
drostatic equilibrium, local thermodynamic equilibrium (LTE), no condensation and 
the local mixing-length theory (if convection was considered) . It has been generally 
accepted that most of the assumptions about the photospheres of M dwarfs are valid 
but that the convection t heory may be insecure. Another acknowledged 
problem is the as yet unsatisfactory treatment of the absorptions by millions of 
molecular lines. It can be seen that among the existing models there is an obvious 
deficiency of realistic models for low effective temperatures. Moreover, none of the 
theoretical model studies compute the spectra in sufficient detail to enable direct 
comparison with rec nt observational results. Hence, to achieve better theoretical 
2 
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Table 1: Previous Model Atmosphere Grids for Cool Dwarfs 
Author Convection Models Molecular 
Treatment Bound-bound 
(TeJJ/log g/{M/H!) Opacity 
Gingerich et a/.(1967) No 2500/5/0 None. 
Tsuji(1967) No 3000/4.8/0 JOLAt H20, CO 
Auman(1969) Yes 4000/4.7 /0 Harmonic H20. 
3000/5/0 Harmonic H20 . 
SM H20. 
Tsuji(1969) No 3000/4.8/0 JOLA H20, CO, TiO, 
MgH,CaH,SiH; 
H2-dip• 
Carbon et a/.(1969) No (2500- 3500)/5/0 None. 
Harmonic H20. 
Harmonic H20 ; 
H2-dip . 
2500/5/-2 None. 
Harmonic H20 ; 
Hrdip. 
1500/5/0 Harmonic H20 . 
Harmonic H20 ; 
H2-dip . 
Kipper(1973) Yes 3000/4.95/0 JOLA lhO , CO , OH. 
2520/5/0 ibid 
Straume( 1976) No (2500-4000)/5/0 None 
Mould( 1976) Yes (3000- 4000)/4 .75/- 0Dfl T iO, H20; 
(0 ,-0.7,-1,-2) JOLA CaH ; 
H2-dip . 
t JOLA Just overlapping approximation 
t ODF Opacity distribution function 
* Pressure- induced dipole opacity of H2 is essentially continuous and calculated 
by Linsky(l969) . 
3 
predictability, it is necessary to develop model constructions and spectral calcula-
tions for cool M dwarfs. Also, the obtained theoretical results need to be checked 
with the better observational data now available. 
If M dwarfs are simply considered to be cooler counterparts of hotter mam-
sequence stars, the photospheric study of M dwarfs may appear less challenging 
since the physics involved in the atmospheric study of the hotter main-sequence stars 
is well understood and the analytical techniques are well developed. However, the 
atmospheric nature of M dwarfs is very different in many aspects from the hotter 
dwarfs, namely, in the formation of molecules, the change in continuous opacity 
and the overwhelming importance of convective energy transport. In fact, perhaps 
a little surprisingly, the theoretical modeling study in this thesis has found that 
conventional understanding about the photospheres of cool dwarfs is inadequate or 
even incorrect. The comparison between theoretical predictions and observations, in 
particular between cool models and cool stars, turned out to be unexpectedly poor. 
These results imply that the photospheric modeling of M dwarfs is more complex 
than expected from previous studies. Considerable time and effort might be needed 
before a clear understanding of the atmospheres of M dwarfs is finally achieved. 
The problem that was discovered in the cool models is so critically important 
to the understanding of the physics in the photospheres of M dwarfs and also to 
the application of the theoretical results to the analysis of their properties, that this 
thesis focuses primarily on the theoretical investigation, although the ini tial plan 
for the thesis was observationally oriented. We planned to check our theoretical 
models against the observations and confirm our expectation that there were no 
serious physical problems in the models, with the anticipation of some possible 
modification to the near-IR H2 0 opacity. The principle part of this thesis would 
then be devoted to the analysis of the atmospherical properties for a large number 
of late-type M dwarfs from the available observational data using our model results 
4 
m a similar fashion to Mould's Ph.ff thesis (1978), with a particular interest in 
the very cool dwarfs. However, since the inadequacy of the cool model results was 
recognized, considerable effort has been made to isolate the cause of the problem. 
By means of an empirical study of the effects of temperature stratification on 
the spectral-energy distribution produced by the model atmospheric program, it was 
possible to establish the temperature stratification which generated the observational-
like synthetic spectra. This led to the hypothesis that the problem lay in the 
temperature stratification. As yet, the physics behind the empirical temperature 
stratification has not been understood and this has obstructed the construction of 
self-consistent photospheric models for cool M dwarfs. Various possibilities about 
the physics were explored in detail, though no conclusive solution was achieved. 
Although some of the models inadequately represent the observations of the 
coolest M dwarfs, nevertheless these analyses have proved to be very informative. 
The far-red spectra of all the models and the near-IR spectra of the hotter models 
were satisfactorily applied to analyzing two M subdwarfs. However, the near-IR 
spectra of the cool models which poorly match the observations were used only in a 
systematic and differential study to examine the validity of some of the conventional 
analyzing techniques ( developed for hot stars) under the physical conditions in the 
photospheres of very cool M dwarf stars. The FeH molecular band was theoretically 
synthesized in cool model atmospheres, with the emphasis on the synthesis method. 
The outline of this thesis is as follows: 
Chapter 2 centers on the issues pertaining to observations, 1.e. observational 
programs, data reduction, final results and their reliability. 
Chapter 3 is devoted to the computation of model atmospheres and synthetic 
spectra for M dwarfs with various values of chemical composition and effective tem-
perature ([A1/ H] = -2, -1, 0 and 0.3; TeJJ = 2500 K - 3800 I<) and a constant value 
for surface gravity (Jog g = 5), using an adapt d computer code which was origi-
5 
nally written for modeling high pressure atmospheres of white dwarfs (Wehrse 1975, 
1981 ). Discussions in this chapter include the verification of the molecular opacities, 
the modification of the computer program and its working outline, the calculation of 
thermodynamic quantities, and the presentation of some theoretical model results. 
The model results are shown to be in satisfactory agreement with Allard's model re-
sults (Allard 1990). Through a comparison with observations, the hot model results 
are shown to match the observations reasonably well but the cool model results ex-
hibit significant discrepancies compared with the observations. Finally, the possible 
reasons for this disagreement are probed. 
Chapter 4 investigates the issues relevant to determining the effective tempera-
ture for M dwarfs from the spectral-energy distribution. 
Chapter 5 examines the conventional method of doing abundance analyses from 
spectral metal lines in its application to M dwarfs and indicates that, somewhat 
unexpectedly, the techniques of analyzing the hotter counterpart should be extrap-
olated to M dwarfs only with great caution. 
Chapter 6 presents a tentative analysis of the metallicity of the subdwarfs GL191 
based on our model and observational results. The molecular formation in the 
photosphere of M dwarfs requires some modifications to conventional analyses. 
Chapter 7 analyzes the photospheric properties of a well-known subdwarf VB12. 
The abundance information of VB12 has been obtained by analyzing the abundances 
of its hot companion HD219617 from individual spectral lines in the UV spectrum 
of HD219617. Tef f and the O abundance of VB12 have been investigated based on 
our far-red synthetic spectra. 
Chapter 8 discusses the theoretical synthesis of the >.9896 FeH band under the 
just overlapping approximation (JOLA) in the generated model photospheres. 
Chapter 9 concludes this thesis by summarizing the results, indicat ing the im-
plications of these results, especially with regard to the unexpected unsatisfactory 
6 
results, and outlining prospects for future work. 
The photospheric study of M dwarfs currently being conducted by Allard (1990) 
focuses on adapting Wehrse's code for white dwarfs to modeling M dwarfs, by mainly 
modifying the molecular opacity and equation of state. The version of the modeling 
program used in my research has been developed concurrently. Both versions have 
adopted the same conventional physical assumptions but they differ in the manner of 
incorporating the molecular opacities and of calculating the thermodynamic quan-
tities. It is expected that the photospheric models produced in these two studies 
will be slightly different but no qualitative difference should be found. A detailed 
discussion of this issue is given in Chapter 3. Overall, this current study is more 
interested in the further investigations based on the model results. 
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Chapter 2 
Observational Data 
The observational program was designed mainly to obtain specific observations 
to check the model results rather than for collecting general data, since there was 
a large amount of data already available for M dwarfs. We intended to choose M 
dwarfs covering a large temperature range and having different metallicities. Three 
types of data were obtained: far-red low-resolution CCD spectra; near-IR spec-
trophotometry; and far-red high-resolution Echelle CCD spectra. Table 1 lists the 
observed objects, most of which are nearby M dwarfs and K dwarfs , together with 
their R-I colors indicating spectral types ( column 2), V magnitudes ( column 3), and 
I magnitudes (column 4) from Bessell (1990, 1991). Column 5 summarizes obser-
vations made of each object. Some of the objects are of special observing interest 
because their atmospheric properties, particularly their metallicities are roughly 
known from studies during the last twenty years. These objects are therefore very 
useful in checking theoretical results. For these objects, approximate metallicities 
are given in column 6 of Table 1. GL205 is an old-disk (OD) early-type M dwarf and 
has been suggested to have [M/ H] = 0.5 (Mould 1978b ). GL191 is a metal deficient 
halo subdwarf but its metallicity is still uncertain (Mould 1976, Eggen 1977). GL551 
(Proxima Cen) is the companion of a Cen and therefore has been assumed to have 
near-solar abundance. GL643 (W629), GL644AB (W630AB) and GL644C (VB8) 
are in the W630 group. This OD group (Eggen 1965, 1978) has a mean abundance 
about solar (Eggen 1977), although Mould (1978a) suggested that the low lumi-
nosity of the subdwarf GL643 might be caused by a low metallicity. LHS2397 A is 
one of the reddest dwarfs observed so far and its flux variation with time has been 
noted (Bessell 1991 ). Some of the objects were found to have hydrogen emission. 
We have assumed that the processes responsible for chromospheric activity do not 
9 
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affect the photospheric region from where most of the flux emerges. A few of the 
very late-type M dwarfs, like GL752b (VBlO), LHS2397 A and LHS2065, are so faint 
that it is not easy to get high quality data for them. 
2.1 Far-red Low-resolution CCD Spectroscopic Data 
The low-resolution ( ""15 A) far-red spectra from about 0.55µ to 1.11µ were taken 
for some of the objects using a low dispersion spectrograph (the Reynold Spectro-
graph) and red CCD detector on the lm telescope at Siding Spring Observatory 
(SSO) in 1988. In the observing run, the spectrograph was set up to obtain reliable 
data in the 1.0µ region, where the continuum emerges from the same layer in the 
photosphere of even very cool M stars (see Chapter 4 for a detailed discussion). 
However, the steep decline in the CCD response at the red end reduces the quality 
of the data in that region, especially if the stars were faint. Some of the objects 
were repeatedly observed and spectra obtained in different observing runs were well 
duplicated. Many of the objects were observed earlier by Bessell using FORS on 
the 3.9m AAT in 1987. Compared to the lm data, the AAT data are of very high 
quality at wavelengths shorter than 0.9µ, but the reliability of the data decreased 
beyond 0.9µ due to the poorer performance of FORS in the red. Comparison be-
tween the lm and AAT data indicates that the spectra from the two runs are in 
good agreement at wavelengths shorter than ""0.9µ, but some of the AAT spectra. 
have a peculiar shape beyond 0.9µ. However, for the faint objects, the AAT spectra 
show a much higher S/N ratio beyond 0.9µ than the lm spectra. Therefore, we still 
tend to have more confidence in the spectra of faint M dwarfs obtained on the AAT. 
Each of the observed spectra was corrected for terrestrial atmospheric absorption 
and instrumental response through being divided by the spectrum of a G subdwarf 
taken at similar airmass, following which the spectrum was placed on a relative 
absolute flux scale using standard stars. Unfortunately, the corrections for terres-
trial absorption bands at around 0. 76µ and 0.93µ were not perfect due to unstable 
10 
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Table 1 List of the Observed Objects 
Object R-1 V O&ta. Type• Rem&rlu 
Fa.r-red Nur- lR Echelle 
(m'1g) (m.ig) (m.ig) 
GL45 0 .696 9 .47 8 .0 y 
GL65AB (E) 2 .054 12.06 8 .3 y 
GL79 (E) 0 .900 8 .88 7.1 y 
GL103 (E) 0 .956 8 .89 7.0 y y (M/H]>O 
GL181.l 0 .981 12 .05 10. l y 
GL190 1.503 10.32 7. 7 y 
GL191 0 .995 8 .85 6.9 y y y Kapleyn'• Stu, (M/HJ- -(2- 0 .5) 
GL205 (E) 1.095 7.95 5 .9 y y y HRl614 group "u, (M/H]-o.5 
GL369 1.020 10.06 8 . 1 y 
GL382 1.175 9 .29 7.1 y 
GL383 0 .904 9 .95 8 . 1 y 
GU52 1.277 11 .86 9 .6 y 
GL529 0 .640 8 .17 6 . 7 y 
GL551 (E) 2 .001 11.05 7.4 y y Proxima. Cen, (M / H)-0 
GL555 1.609 11.32 8 .5 y 
GL565 0 .492 7.82 6 . 7 y 
GL570B 0 .638 5.64 4 .3 y 
GL583 0 . 721 9 .49 7.9 y 
GL585. I 0 . 721 10. 19 8 .6 y 
GL588 1.326 9 .31 6 .9 y 
GL618A 1.360 10.60 8 .2 y 
GL618 .4 1.156 11 .84 9 . 7 y y 
GL626 0. 640 8 .81 7.4 y 
GL643 1.543 11.80 9.0 y W629 , (M/H]-0! 
GL6HAB (E) 1.377 9 .02 6 .6 y W630AB, (M/HJ-o 
GL6HC (E) 2 . 420 16.78 12.2 y VB8 , (M/H]-o 
GL653 0 .628 7.73 6 .4 y 
GL673 0 .760 7 .53 5 .9 y y HR16H group , 1u, (M/HJ-0.5 
GL6H 1 .330 9 .37 7.0 y 
GL696 0 .880 10. 16 8 .4 y 
GL697. l (E) 0 .736 10.13 8 .6 y 
GL699 1.562 9 .56 6 .8 y y y Bunud's Stu, (M/H]- -I 
GL701 1.081 9 .37 7.3 y y 
GL726 0 .700 8 .81 7.3 y 
GL729 (E) 1.550 10.H 7. 7 y 
GL730 0 .993 10. H 8 .8 y 
GL734AB 0 .860 9 .52 y 
GLHO (E) 0 .970 9 .21 7.3 y 
GLH7.3 0 .730 9 .37 8 .8 y 
GL752A (E) 1.288 9.10 6 .4 y OM +4 4048 , (M/H]-o 
GL752b (E) 2 .260 17.2 : 12.8 y VBIO, (M/HJ-o 
GL782 0 .687 8.89 7. 4 y 
GL798 0 .748 8 .81 7.3 y 
GL803 (E) 1.000 8 .61 y 
GL825 (E) 0 .865 6 .67 4 .9 y y 
GL832 1.185 8 .66 6 .5 y (M/H]-o 
GL864 0 .956 9.99 8 . 1 y 
GL866 (E) 2 .056 12 .37 8 .6 y y LH S68, (M / H]-o 
GL876 1.570 10. 18 7. 4 y 
GL884 0 .770 7.86 6 .2 y 
GL887 (E) 1.045 7 .34 5 .3 y y 
LH S2065 (E) 2 .20 18. H H .5 y 
LHS2397A (E) 2 .23 19. l : H .9 y y 
LHS2797 y 
LHS2859 y 
LHS3180 y 
11 
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weather, introducing some uncertainties in the fluxes at those wavelengths. 
Fig. 1 presents the reduced far-red spectra of M dwarfs obtained on the lm 
telescope, and Fig. 2 those obtained on the AAT. The spectra show essentially 
the same photospheric features, due to the absorption of different molecules in the 
photospheres, with their relative strengths changing gradually with temperature. 
Absorption features of molecules and atoms are identified in two of the spectra in 
Fig. 1. The low-resolution spectra prove very powerful in revealing molecular and 
strong atomic absorption features in sufficient detail while retaining information 
of the general spectral-energy distribution because of their large wa.velength cover-
age. These low-resolution spectra obviously provide much clearer and more reliable 
information about the spectral characteristics than do the color indices. 
2.2 Near-IR Spectrophotometric Data 
Near-IR spectrophotometric data were only obtained for a few M dwarfs in different 
observing runs due to lack of good weather conditions. The spectra in the J, H, 
K passbands for the observed M dwarfs, and also in the L window for some of the 
objects, were acquired with a Grating Spectrometer (FIGS) using a 16-element InSb 
array with the 3.9m AAT at SSO. The absorption of the terrestrial atmosphere 
and the instrumental response were corrected using G dwarf spectra in a similar 
fashion to that described above for the CCD spectra. In order to eliminate the 
influence of imperfect weather on the data, the observed fluxes in J, H and I< windows 
have been adjusted according to the published J, H and I< magnitudes of the stars 
(Mould and Hyland 1976, Bessell 1991). However, the observed flux in L remained 
uncalibrated due to the lack of L magnitudes. The different photometric systems 
were transformed according to Bessell and Brett's relations (1987). In Fig. 3, the 
reduced near-IR spectra of observed M dwarfs are shown together with their far-red 
spectra when available, by using the R and I< magnitudes to adjust the relative 
heights of the far-red and near-IR spectra. Being presented in uni ts of Fv, the 
12 
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spectra clearly show the s- opacity minimum.at rvl.6µ and the H20 absorptions 
in the J, H, and K bands in spite of the missing spectral pieces between J and H, H 
and K. The spectral-energy distribution in the near-IR spectra of M dwarfs permits 
one to check the thermal structure (T( Tstd)) of the model photospheres (Mould 1976) 
and the applied H20 opacity in the calculation. 
2.3 Far-red High-resolution Echelle Data 
In order to derive element abundances from atomic spectral lines, the far-red high-
resolution ( rv0.5.A FWHM) spectra of a few M dwarfs and late K dwarfs were ob-
tained with a high-dispersion Echelle spectrograph and red CCD detector on the 
2.3m telescope at SSO. The wavelength regions were selected based on the consider-
ation of achieving a balance between avoiding the molecular band contamination as 
well as the atomic-line crowding and terrestrial absorption bands as much as possi-
ble in the obtained spectra. Two settings, one in the green and the other in the red, 
were mainly used. The data were reduced mainly using the FIGARO package on 
VAX machines at MSO. Prior to extraction of one-dimensional spectra from a CCD 
image, the frame was bias-subtracted and divided by a processed flat-field image in 
order to correct for pixel-to-pixel coherent noise. The one-dimensional spectra were 
wavelength calibrated using the spectrum of a Neon-Argon arc lamp obtained at the 
same spectrograph setting. The spectra of a fast rotating B or A type star close to 
a program star in zenith distance were also obtained and divided into the spectra 
of the program star in order to remove terrestrial atmospheric absorption lines. 
Measured equivalent widths of the spect ral lines obtained with the Echelle green-
sett ing and red-setting are listed in Table 2a and 2b respectively. Normally, t he 
spectral lines were measured using Gaussian profile-fitting to the normalized spectra, 
with the standard error of repeat d measuremen ts being ±5% for most of them. It 
has been found that while th far-r d cont inuum in th e Echc ll e spect rum of a very 
early-type M dwarf is only just contaminated by molecular lines and therefore very 
1S 
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easily located, the spectrum of an M dwarf as la,te as GL643 or GL699 of R-I-1.3 
is ·contaminated by molecular lines so severely that both the continuum and atomic 
lines are hardly seen and only very strong lines can be distinguished. Consequently, 
the spectrum cannot really be used to measure line equivalent widths. This implies 
that the atomic lines in the far-red region can only be measured with reliability for 
early-type M dwarfs. 
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Table 2a: Equivalent Widths of the Echelle Green-setting Lines 
>. GL103 GL191 GL205 GL565 GL570B GL583 GL585 . 1 GL626 GL653 GL673 
M0 .7 M0.8 Mt.5 KS MO K6 Ks• K8 KS K7 
(nm) (pm) 
Fe I 
585 .9564 8 .02 - - 8 .27 - - 7.52 5 .H 5 .77 7 .81 
586 .2333 12. 40 - - 11.60 - 11.20 9 .25 9 .70 10.40 9 . 72 
587 .3201 
- - -
4 .83 - 4 .39 - {.87 5 .26 7 .36 
591.6252 12. 70 
- -
7.09 - 8 .22 10.80 8.89 6.28 8 . H 
602 .4034 17 .0 0 
-
9 . 10 17.20 5 .86 17.60 15.00 12. 70 11 .20 13.60 
602 .70 57 7 .93 - - 7.87 4 .02 6 .95 5 . 72 6.73 5 .09 5 .24 
605 .5971 - - 4 . 18 10.10 - 7 .91 8 .78 7. 93 5 .83 7 .81 
606 .5488 23.80 12.50 18 .80 20 .40 15.20 21.30 21.50 21.90 20. 10 22.90 
607 .8469 9 . 19 
-
8 . 71 13.30 - 7 .83 8 .48 8 .68 8 .42 10. 40 
6 16 .5364 - - - 4 .64 - 3 .89 3 .96 - 7 .84 6.57 
617 .0482 27. 40 
- -
17.00 13.8 0 17. 10 18.30 18.90 H .70 21.60 
617 .3325 12.20 
-
6 .84 9 .99 - 9 . 74 10.10 9 .37 7 .89 8 .96 
618 .0211 9 .54 - 6 .84 10.30 - 11.00 9 .46 9 . 95 7. 97 9 .80 
620 .0 319 13.90 6 .0 7 7 . 78 12.20 - 10 .30 8 .89 - 9 .33 10.90 
621.5 13 0 21.50 20 .20 24 . 10 11.20 - 15.60 16 .90 13.40 12.60 19. 20 
621.9286 12.80 
-
9 .58 14.30 - 13 .00 14 .80 15. 10 11.60 14 .40 
622 .6748 5 .60 
- -
4 .21 - - - 2 .89 3 .23 3 . 72 
622 .923 1 7 .26 - 8 . 79 7 .04 - - - 5 .50 6 .56 7.85 
623 .0 728 34 .20 19.00 20.20 31.90 - 34 .40 33 .50 34 .50 - -
624 .6329 17.60 4 . 70 8 .40 18.60 - 14 .60 15.10 18.20 13. 10 15.80 
634 .4154 
- - -
10 . 70 
-
13.90 11.60 
-
11.80 17.00 
635 .5 035 11.00 - 8 .86 11 .40 - 9 .57 11 .90 10. 40 8 .64 10.00 
639 .3605 28 .30 - - 24 .00 - 24 . 40 22.80 25 .20 21.70 26. 10 
64 0 .8 0 28 22 .60 - 18.10 20.90 - 15.90 15.00 18.00 15.60 16 .90 
641.1 659 28 .80 - 14.20 23. 20 - 18.90 21.40 23.80 15.60 25.80 
641.9920 i5.00 - - 10.30 - 7.88 9 . 77 10.30 8 .34 -
653 .3929 
- - -
6 .03 - - - 3 .96 - 4 .48 
654 .6245 - 13. 70 17.50 17.80 6 .56 16.90 20 .40 18.00 15.10 20. 10 
657 .4231 12 .40 - 9 .00 6.65 - 7 .48 - 9 .32 6 .40 8 .30 
657 .5024 12.60 - 13.30 9 . 17 6 . 74 10.60 11.60 13.00 9 .36 11.20 
659 .2920 28 .60 12.60 15.20 22.30 12.50 18.60 25.00 24 .30 18.30 19. 70 
659 .3875 22 .50 12 .40 16.50 16.30 13.90 12.90 13.50 15.00 12.20 14 .30 
660 .91 17 14 .80 - 8 .39 9 .95 5 .01 9 . 71 9 .85 11 .50 8 .42 10.20 
Ti I 
586 .6452 18.50 H . 70 14 .60 12.00 11.10 17.60 18.20 15.90 16.00 19.30 
591.8539 12.00 8 . 18 6 .56 7 .08 6 .31 13 . 40 9 .50 8 .64 8 .91 10.80 
606 .4629 15 .30 9 . 40 17.40 5 .91 13.00 9 . 74 11.30 9 .85 - 13.30 
655 .4224 13.50 9 .07 12.30 6 . 77 7 .96 I I.SO 10.20 10.00 9 .23 11. 70 
655 .6062 15.30 11.20 13. 70 8 .00 10.30 11.60 11.40 10.50 10.10 12. 40 
659 .9133 13.30 9 .19 12.30 6 .31 11.10 9 .20 9 .64 11.20 - -
VI 
603 .9733 14 .30 8 .34 10.50 6 . 40 9 . 70 9.11 10.40 8 . 15 9 .25 9 .82 
605 .8113 10.00 - 11.20 · 2.86 - 6 .99 6 .57 6 .26 5 .80 8 .23 
619 .918 1 20. 40 11.50 12.30 12. 40 - 12. 40 14 . 70 11. 70 13.40 16.90 
62 1 .3874 - - - 8 .81 - 8 .81 14 .30 - 11.10 13. 70 
621 .6358 19.60 19.30 26 .30 11.80 - 11.80 18.50 15.50 14 .90 20 .20 
623 .3172 21.00 8 .92 11.00 7 .24 - 7 .24 11.00 10.50 9 .03 10. 70 
653 . IU9 8 .96 . 3 .84 8 . 15 5 .99 6 .56 6 .63 10.50 6 .61 7. 49 8 . 51 
Ca I 
586 .7562 13. 70 5 .62 10.30 6 .01 9 .03 10. 10 14 .90 9 .61 10. 70 10.40 
616 .6HO 
-
18.50 - 11.80 13.90 18.00 16.40 H .50 16.60 22 .60 
657 .2779 28 . 70 - 32.30 12.50 26 .40 26 .40 22 . 10 18.90 15. 70 21.50 
Mn I 
601 .3513 20.60 - 13. 10 16.80 10.40 10. 40 18. 40 17. 70 12.80 17. 70 
601 .6673 22. 70 10.90 15.40 17.40 15.40 15.40 19. 40 17.80 12.50 19.80 
602 . 1 19 22 . 70 7 .00 16.00 16.80 11.30 11.30 16.20 17.60 13.50 20 .20 
• S tar is classified as MO by Gliese. 
' 
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Table 2a: - continued 
>. GL696 GL697. l GL701 GL726 GL734AB GLH7. 3 GL782 GL798 
GL803 GL825 
MO Ks• Ml.5 Ks• Ks• K7 Ks• K7 Ks• MO 
(nm) (p m) 
Fe I 
585 .9564 3 . 17 5 .65 - 4 .87 7 .46 8 . 49 6 . 75 - - -
586.2333 7 .51 8 . 40 - 9 . 48 12. 10 10.30 10.80 9 .29 - -
587.3201 - 5 .36 - 6 .03 9 .36 - 6.75 - - 7 .73 
591.6252 5 .96 9 . 15 - 8 .09 - 9 .23 8 . 10 9 . 15 - -
602 .4034 15.60 13.60 - 12 .30 12.50 14.50 H . 10 7 .05 9 .71 10.60 
602 .7057 7 .84 6 .61 - 4 .80 6 .39 7 .36 5.95 6 .69 - 4 .54 
605 .5971 6 .65 6 .53 - - 7.53 10.20 7. 71 4 .53 - -
606 .5488 21.00 19.70 13 .40 20 .80 24 .80 21.50 14 .50 H .00 19. 10 17 .90 
607 .8469 4 .81 9 . 18 - 6 .88 - 9.89 8 .81 5 .01 - -
616 .5364 - - 2 .64 - - - 2 .45 - - -
617 .0482 16.00 12.80 8 .99 16.80 18. 70 20 .40 16.80 9 .66 10.00 14 . 40 
617 .3325 8 .88 9 .H 5 .67 9 .50 8 .61 9 .26 9 .21 7 .04 6 .86 9 .17 
618 .0211 8 .41 8 .56 3 .26 7.61 10.30 9 .23 7 . 43 9 .28 5 . 48 7 .34 
620 .0319 8 .25 10.90 - 11.20 10. 70 12.80 11 .20 11.60 8 .37 8 . 77 
Ii 621.5130 24 .40 18.40 - 14 .20 
13.00 22 . 10 15. 10 15.80 26 .80 22 .60 
621.9286 13.90 H .30 - 14 . 10 13.50 15.70 H . 10 18. 70 18.20 9 .96 
II 622 .6748 - - - - 9 .29 5 .84 
4 .22 - - -
622.9231 - 7.47 - 7 .32 10.80 8 .47 8 .59 6 .54 - -
623.07211 29 .40 36 .40 - 35.20 - 36. 10 31 .20 - 27 .70 26 .20 
624 .6329 16.00 18.00 - 17.90 16 .60 18.50 17.50 10.60 7 .66 11 .60 
634 .4154 - 16. 70 16. 70 13.20 14 .40 13.60 11.50 - - 12 .40 
635.5035 11.00 9 .82 9 .82 9 .55 8 .61 9 .83 9 .56 7 .27 - 9 .32 
639 .3605 22.60 26.60 26 .60 20 .80 26 .40 25 .60 23.70 19.50 21.10 20 .30 
640 .8028 13.90 17.20 17 .20 H . 70 19.80 21.40 15.80 - 12.20 13.30 
641.1659 17.80 111 .30 18.30 21.50 18 .90 23 .30 24 .60 18.00 12.20 15.00 
641 .9920 11 .H 8 .85 8 .85 8 .66 13.80 9 .11 9 .62 - - 10. 10 
653 .3929 - - - 5 . 13 - 4 .47 3 .58 - - -
65t .6245 20 .40 23 . 10 15.90 21.20 19.60 21.20 20 .30 23 .00 16.20 17.80 
657 .4231 6 .38 8 . 42 9 .68 7 .93 8 . 18 8 .41 7 . 46 4 .25 11.40 6 .58 
657 .502{ 11 .50 11.20 7 .43 10.60 11.90 12.50 10.60 9 .67 8 . 79 8 .87 
659 .2920 20 .90 24 .60 12.80 22 .20 21.10 24 .20 19. 10 20.50 H .90 18.30 
659 .3875 13.10 15 . 70 13 .20 13 .60 15.50 16.70 13. 10 10.50 13.50 12.20 
660 .9117 12.50 10.60 5 .28 8 . 49 9 .49 11.60 10.10 - 10.50 8 .23 
Ti I 
11 586 .6{52 18.60 18. 70 16 .60 17.20 19.00 17.30 17.00 18.80 18.30 17. 40 
591.8539 9.36 11.60 - 8 . 75 10.20 9 .75 9 . 19 10. 20 10.50 9 . 25 
606 .{629 13. 10 9 .53 12.90 9 . 19 11.80 11.00 9 .28 9 . 74 11. 70 10.70 
655 .{224 11 .30 12.20 7.88 9.99 10.90 9 . 18 10. 10 11 .90 10.60 10.30 
655 .6062 H . 10 12.40 12.30 11.60 12. 40 13.00 11.20 14 .90 11.50 12.60 
659 .9133 9 .86 11.00 11.60 8 .66 10.50 10.60 9 .29 10.90 11.20 9 . 45 
V I 
603.9733 11.00 10.30 8 .81 10.20 11. 70 10.20 9 .57 8 .32 10 .80 9 .51 
605 .8113 8 .52 7 .54 6 .00 9:97 7 .35 9 .97 7 . 15 - - 6 .80 
619 .9181 15.60 17.30 H . 70 14 .60 16.30 19.40 15 .20 16.90 15 .20 14 .80 
621.3874 12.00 
- -
2 4 .00 17. 10 13.30 16.60 - 16.60 9 . 76 
621.6358 18.20 17.50 - 17.20 19.50 18. 40 17 .90 19.90 17.90 17 .70 
623 .3172 12.40 11.20 - 7 .3 1 12 .30 11.30 10.60 10 .90 10.60 9.80 
653 .1419 10.70 8 . 13 6 . 14 7 . 13 8 .31 9 .09 7 . 11 8 .40 7 .97 7 . 14 
Ca I 
586 .7562 8 .97 9 .87 12 .50 10.40 11.20 11 .50 9 .61 - 10.30 10.10 
616 .6440 16.90 15. 10 12.30 15 . 10 19.60 16.60 16 .60 18.60 12. 70 13.30 
657 .2779 18.90 25 .00 28 .50 - 18 .90 19.90 19. 70 20.50 27 .30 22 .50 
Mn I 
601.3513 15.00 9 .55 16 . 70 13 .80 18. 10 16. 70 13.90 11.80 10.80 13.00 
601.6673 19. 70 16. 10 21.00 15 .20 17 .50 21.00 19.60 12. 10 16. 40 16.30 
802 .1819 18 .20 17.30 18. 40 17. 70 16. 40 18. 40 17 . 70 16.30 H .10 3 .92 
• Star is classified as MO by Gliese . 
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Figure and Table Captions 
Fig. 1 Some reduced low-resolution far-red spectra of observed M dwarfs on the 
lm telescope. The prominent molecular absorption features are marked in the 
spectra of GL644AB and GL65AB. 
Fig. 2 Some reduced low-resolution far-red spectra of observed M dwarfs on the 
AAT telescope. 
Fig. 3 Some reduced near-IR spectra of observed M dwarfs, shown together with 
their far-red spectra when available. 
Table 1 List of the observed M dwarf stars, giving their R-1 colors, spectral types, 
V magnitudes, I magnitudes and indicating the observations made of each object. 
Table 2 a) Equivalent widths measured for the Echelle green-setting spectral lines. 
b) Equivalent widths measured for the Echelle red-setting spectral lines. 
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Chapter 3 
Model and Spectral Calculations for M Dwarfs 
The theoretical work of constructing photospheric models and calculating syn-
thetic spectra is the essential part of the current study of M dwarfs. We attempt to 
obtain a series of model photospheres and synthetic spectra with effective tempera~ 
tures ranging from 2500 K to 3800 K, corresponding to M dwarfs from very late-type 
to early-type, and metallicity from very metal-poor to metal-rich compared to the 
Sun. Since variation in surface gravity has been found from previous studies to only 
have a secondary effect on models and spectra, the surface gravity of all the present 
models is taken to be the typical value determined for M dwarfs, namely, log g = 5. 
The modeling code (Wehrse 1979, 1981) used was designed to compute photospheres 
of even higher surface gravity. Our main interests are to construct model photo-
spheres for late M dwarfs with effective temperatures lower than 3250 K since Mould 
(1978) encountered formidable difficulties in computing converged photospheric mod-
els for low temperature M dwarfs and his calculated spectra of cool models had 
significant discrepancies from observations. Mould attributed the main source of 
the discrepancies to be inaccurate H2 0 opacity in his theoretical calculations. 
The JOLA molecular opacities (Tsuji 1971) were still used in the current model 
computation because of their availability, although they have been treated with 
great caution. Compared to more sophisticated methods of representing and incor-
porating molecular line absorptions, such as VAEBM, ODF and OS which have been 
developed with the extensive study of M giants (Tsuji 1973, Carson 1976, Carbon 
1974, 1979, Tsuji 1986, Alexander et al. 1989 and Bell 1989), the JOLA technique is 
much simpler and has been generally considered to be rather crude. Many authors 
have studied the effects of the cliff rent treatments of molecular line absorptions on 
the constructed models in the case of M giants, where the results have indicated that 
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the application of better approximating molecular opacities improves the quality of 
the constructed photospheric models for M giants. It should be expected that the 
application of those molecular opacities to M dwarfs will also improve the accuracy 
of models, although this study has shown that under the physical conditions in the 
photospheres of M dwarfs, the possible effects due to shortcomings in the JOLA 
opacities on the constructed models are small and tolerable. The JOLA opacities of 
the most prominent molecules are valid. 
As an indispensable step before their general applications to the interpretation 
of actual stars, the accuracy of the calculation and the reliability of our theoretical 
results was verified. The theoretical results were compared with other people's work 
and were also checked against the observations of a few stars whose atmospheric 
properties had been previously studied. The discrepancies found between the pre-
dicted and observed spectra of cool M dwarfs indicate that a problem exists in the 
cool model results. Further investigations suggest that the problem probably lies in 
the temperature stratification. The temperature stratification which generates the 
observational-like spectra was established empirically; however, the physics behind 
the empirical temperature stratification has not been established, which prevents us 
from constructing self-consistent cool models. 
In section 3.1, the validity of the JOLA molecular opacities in the construction 
of photospheric models for M dwarfs is examined. This involved the investigation 
of the distribution of some important molecules in the model photospheres. Section 
3.2 discusses the issues related to the theoretical computations, checks the model 
temperature stratifications and the synthet ic spectra against those of Allard, and 
also presents calculated synthetic spectra. In section 3.3, the synthetic spectra 
are compared with observed flux distributions. Disagreement between theoretical 
prediction and observation found at the low temperature end is indicated. Sec-
tion 3.4 tries to ascertain the problem which accounts for the disagre ment in our 
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calculations of cool models and suggests that the problem lies in the temperature 
stratification. Section 3.5 discusses various possible physical reasons responsible for 
the derived temperature stratifications in cool models, with no conclusive solution 
being reached. Section 3.6 summarizes the results of the analyses. The overall dis-
cussion concerning the general view about the study of M dwarfs and a perspective 
for future work is left to the final chapter - Conclusion. 
3.1 Validity of the JOLA Molecular Opacities 
In the present model construction, electronic bands of TiO, MgH, CaH and SiH, 
vibration-rotation bands of H 20, CO and CN, and pure rotation bands of H 20 
were included since these molecular species are the prorninen t sources of absorptions. 
Among them, TiO a d H 2 0 have the most significant line-blanketing effects on the 
photospheric structure. The mean absorption coefficients representing the molecular 
band absorptions are most simply calculated using the approximation that all the 
molecule lines just overlap each other using a Tsuji opacity code (1969). This opacity 
code gave the straight mean absorption coefficient for each of the 72 spectral meshes 
covering the spectral region of from 2700.A to 300000.A. The JOLA treatment has 
been described in detail by Tsuji (1966). 
In theory, the Just Over Lapping Approximation (JOLA) has rather limited va-
lidity. The molecular lines do not always smear out sufficiently under the usual 
physical conditions in the photospheres of late type stars. The deficiency of the 
JOLA opacity is actually that it reduces the non-greyness of the absorption coef-
ficient. In other words, it fills the low absorption coefficien t windows which are 
responsible for carrying the bulk of the flux. As a result, the flux in each layer of a 
model is underestimated and the model is systematically too hot. The effects of the 
JOLA opacities on the photosphere models and synthetic spectra for M giants have 
been fully investigated by many model builders. The JOLA opacities of Il20 and 
C N have generally been considered to be too crude to be used in model computa-
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tions for M giants (eg. Carbon 1974, 1979; Alexander et al. 1989), and the much 
improved techniques describing molecular line absorptions, such as VAEBM, ODF 
or OS, which abandon the assumption in JOLA, should be employed in calculating 
mean molecule absorption coefficients. The JOLA, ODF, VAEBM, and OS molecule 
opacities have been assessed by Carbon (1979) and Tsuji (1986). 
However, the conclusion about the validity of the JOLA opacities drawn from the 
model study of M giants may not be applicable for M dwarfs. Firstly the prominent 
molecular absorbers in the photospheres of M giants and M dwarfs are not the same 
because of the very different chemical compositions. The carbon molecules are more 
abundant and play a far more important role in line-blanketing in the photospheres 
of M giants than in those of M dwarfs. Secondly, for the same molecular species, 
the appearances of molecule lines can be very different because of the significant 
difference in gas pressure. The gas pressure is so high in the photospheres of M 
dwarfs (105 -106 dyn/cm2 ) that pressure broadening plays an important role. In 
addition, the temperatures associated with the stellar atmospheres are very high 
( as compared to laboratory conditions) so that many transitions resulting from 
high excited levels will fill the spectral region of band absorption. Also some band 
systems are composite bands, which makes lines even denser. Therefore, there is a 
good chance for the molecule lines to smear out in the photospheres of M dwarfs. 
This was recognized and analyzed by Tsuji (1966). 
The validity of the JOLA opacities of the important molecular species in the 
construction of photospheric models of M dwarfs is examined on the basis of the 
properties of absorption lines and the line-blanketing effect in the following di scus-
sion. The prominent molecule absorbers in the photospheres of M dwarfs are TiO, 
H20, CO and CaH. The effect of CN is briefly mentioned. The blanketing ef-
fects of molecules are investigated based on radiative models. The analyses of the 
opacities for TiO, H2 0 and CO are based on Tsuji's results of line separat ions and 
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line widths of these molecules, obtained under P9 = 106 dyn/cm2 (Tsuji 1971) . His 
result is partly redrawn in Fig. 1 
TiO - As shown in Fig. 1, in most of the wavelength regions where the TiO 
absorption bands occur, the line separation dis not much larger than the line width 
E, which indicates that the JOLA for TiO lines is valid in those spectral regions. 
But in the region of 8000.A.-15000.A, dis significantly greater than 8, indicating the 
invalidity of JOLA. Hence, JOLA TiO opacities may be expected to be poor in 
producing correct photosphere models of cool stars. However, a study conducted by 
Krupp et al. (1978) on the effects of TiO opacity on the photospherical structures 
of M giants gives different results. They found that models calculated with the 
Straight Mean (SM) TiO opacity, a form of the JOLA opacities, have only small 
differences from those with the Opacity Sampling (OS) TiO opacities. The main 
reason for the accuracy of the SM TiO opacity provided in their paper is that TiO 
has a very large number of densely packed lines spreading a.cross a large spectral 
region, i.e. the line separation is in fact smaller than the theoretical estimate. 
The invalidity at some frequencies of the smearing-out assumption for TiO ab-
sorption is unlikely to have a significant influence on the constructed models of M 
dwarfs according to the following analysis. Fig. 2 shows the distribution of TiO 
molecules in the radiative photospheric model of 3000/5/0 (Teff /log g/[Ji.f / HJ) and 
Fig. 3 illustrates the variatio~ of the absorption coefficient with frequency by showing 
the monochromatic optical depth T,,, versus wavelength >. at three different depths 
( T1.2 = 10-3 , 10- 2 , 10- 1 ) in the same model. It can be seen from Fig. 2 that the TiO 
molecules mainly distribute in the layers of T1.2 < 10-1 . In these layers, the TiO 
absorptions beyond 8000.A, where the JOLA is invalid, are so unimportant as to be 
negligible, as indicated in Fig. 3. Consequently the inaccuracy of TiO opacities in 
that frequency region will not affect the computed models. Therefore , the JOLA 
TiO opacity is reasonably valid in the model construction for M dwarfs. 
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H20 - The line separation data of H20 shown in Fig. 1 are originally from 
experimental results, Ludwig (1967). Fig. 1 shows that when the temperature is as 
low as () = 3.0 (T = 1680 K), which only occurs in the topmost layers of the photo-
spheres of very late-type M stars, the H2 0 line separation becomes one magnitude 
larger than the line width. Tsuji's calculations have revealed that even at () = 3.0 
the Rosseland mean opacities calculated in JOLA have good agreement with those 
calculated by Auman based on a line-by-line treatment (1967). Tsuji attributed this 
coincidence to the actual H2 0 line separation being smaller than the experimental 
result. The line separation is probably overestimated due to the high pressure con-
dition in laboratory experiments. Thus we can say that JOLA is basically valid for 
the H 2 0 absorption lines in most of the spectral regions in the temperature range 
of concern here and the JOLA H20 opacity is sufficiently accurate in the model 
construction. This argument is also supported by the results of Alexander et al. 
(1989) regarding the thermal structure of M giant photospheric models applying the 
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OS H20 opacity. 
CO - Under the physical conditions in normal stellar photospheres, JOLA 
is a very poor approximation for the CO molecule lines (Tsuji 1971 ). In theory, 
the JOLA CO opacities are too crude to be used in the construction of model 
photospheres (Carbon 1974). However the manner in which the CO bands blanket 
photospheres of cool stars seems to make the crudeness of JOLA CO opacities less 
serious. CO bands do not appreciately affect the net flux and do not consequently 
backwarm the photospheres because the fundamental and first-overtune vibrational-
rotational bands (near 2.5µ and 5µ) occupy a very small fraction of frequency space 
and are not located close to the flux maximum. However they do cool the surface 
layers markedly. This occurs because the CO band absorptions are strong enough to 
reduce the emissivities of the surface layers and store up more energy in the stellar 
materials. In order to maintain radiative equilibrium, the temperatures then need 
to drop off to decrease the absorptivities of those layers. 
In Fig. 4, the comparison of the temperature stratifications between 3000/5/0 
radiative models with and without the JOLA CO opacities clearly shows the CO 
surface cooling effect and the no-backwarming effect simultaneously. Fig. 5 is the dis-
tribution of CO molecules in the model photosphere. Temperatures at surface layers 
decrease up to 150 K, which is contrary to the expectation of Mould (1976). This 
cooling amount might be exaggerated by using the JOLA CO opacities. However, 
this conclusion may not hold because the cooling is determined by the emissivity 
of the material in the surface layers. The JOLA treatment is a kind of smoothing 
process which raises the minima and depresses the maxima. of absorption, while the 
emissivity of stellar materials, determined by t he integral property of the absorp-
tion over a frequency region, is not necessarily reduced by smoothing. In addition, 
the study on the photospheric structures of cool giants by Gustafsson el al. (1975) 
indicated that the cooling effects of the ODF CO opacities are on the same order of 
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magnitude as those of the SM CO opacities obtained by Johnson (1973). In short, 
the JOLA CO opacities will not significantly affect the photospheric structures, 
despite their inherent deficiencies. 
CaH - A detailed study of the CaH opacity by means of comparing the cal-
culated spectral features with observation was carried out by Wayte (1986). The 
results show that the JOLA CaH opacities reproduce the observed Call spectral 
features fairly satisfactorily although in theory JOLA is invalid in the usual physical 
conditions in the photospheres of M stars. Moreover, in photospheres of normal 
abundance, because the line-blanketing by Call is much less important than that of 
H20 and TiO, the crudeness of the CaH opacities is more tolerable. The temper-
ature stratifications of the 3000/5/0 radiative photospheric models calculated with 
and without the JOLA Call opacity did not show any difference; the blanketing 
effect of Call on the photospheric models of M dwarfs is therefore negligible. But 
in metal deficient photospheres, where CaH molecules are more abundant and their 
absorption becomes more important, the Call absorption is expected to have larger 
backwarming effects, that is to backwarm the deep layers and cool the surface layers. 
C N - C N lines do not smear out under the conditions in the photospheres of 
M giants and M dwarfs according to Tsuji 's estimate (1971 ). The rather weak but 
wide-spread C N absorptions in frequency space back warm photospheres remarkably 
well. Fortunately, in great contrast to the situation for M giants, in the photospheres 
of M dwarfs the population of C N molecules is so small that the C N blanket ing 
effect is negligible. This was proved by calculations with and without consideration 
of the C N absorption. 
From the above analyses, we can be convinced that the JOLA opacities of those 
important molecules in photospheres of M dwarfs can still be used to construct 
sufficiently accurate photospheric models for M dwarfs despite their crudeness. But 
this by no means suggests that we should reject the molecular opacities calculated 
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with advanced methods. On the contrary, as soon as one can get the ODF, VAEBM 
or OS opacities, the JOLA opacities should be abandoned since they oversimplify 
molecular line absorptions. 
3.2 Computation of Photospheric Models and 
Synthetic Spectra 
3.2.1 Computation of Photospheric Models 
All the model photospheres and the spectra were computed under conventional as-
sumptions that they obey the equations of hydrostatic equilibrium, conservation 
of energy, ideal gas, and LTE, and the geometry is assumed to be plane-parallel and 
horizontally homogeneous. The pressure term in the equation of hydrostatic equi-
librium includes gas pressure only; radiative pressure is negligible because of the low 
temperature and turbulent pressure is not taken into account. Energy transport by 
both radiation and convection is included, the convective part being treated with 
the local mixing length theory assuming the mixing length parameter ( l / H) to be 
unity. The validity of these assumptions or approximations in computing photo-
spheres of M dwarfs have been discussed by many model builders (e.g. Mould 1976, 
Carbon 1979, Kipper 1973) and have been generally accepted. Some of them may 
however be inapplicable. Nevertheless, their validity can be verified by computing 
realistic models based on these assumptions and then comparing the model pre-
dictions with observation. 
The program was originally written by Wehrse (1975) for modeling photospheres 
of white dwarfs, and later modified by Brett (1987) in the areas of molecular opacities 
and the equation of state for studying M stars. In the current study, the structure 
of the program was retained. Methods of integrating the hydrostatic equilibrium 
equation and solving the transfer equation remained unchanged. The temperature 
correction routine was also basically the same as the original. As modified by Brett, 
the program by-passed the internal computation of elemental and molecular partial 
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pressures, and instead obtained tl;iese values by interpolating pre-computed par-
tial pressure tables obtained with Tsuji's code (1973). Tsuji's code of solving the 
equation of state readily permits the inclusion of extra molecular species once its 
equilibrium dissociation constant is available. For our models as many as 63 molec-
ular species were included in the equation of state. The important ones include H 2 , 
CO, C2H2, CN, H20, OH, TiO, CH, CH4 , HCN, NH, MgH, CaH, SiH, FeH, 
SiO, CH2, N2, N H2, N H3, C2N2, C2N, CO2, MgOH, NaOH, Si02, NaCl, KCl, 
KOH, CaCI, CaOH, Ti02 , V02 and NO; FeH has been included in the present 
t' 
study. The populations of some of the species considered are actually negligible in 
the stellar photospheres of M dwarfs. Brett also extended the opacity calculations 
to the important molecular species in M dwarf photospheres. 
An important modificat ion made to the modeling code in this study is that the 
internal computation of the molecular opacities was replaced by reading in precom-
puted opacity tab es obtained with Tsuji's code. By doing so, the program becomes 
more efficient in computing models for the same metallicity, and more flexible when 
one adopts more accurate opacities. This modified version is therefore significantly 
disparate from the adapted version by Allard and the results from the two studies 
can be checked against each other. The opacities calculated in the original program 
and Tsuji opacities a.re all Straight Mean opacities and therefore should generate 
models of equivalent accuracy. 
Another modification was made in the calculation of the thermodynamical vari-
ables - adiabatic grad ient and specific heat, which a.re needed for the treatment 
of convection, sin ce the analyt ical calculat ion in the original program was found to 
no longer give correct results after the partial pressure calcu lat ion was changed. In 
the current version of the program, the two quantities are est imated following the 
formul ae 
P (8S/8P)T 
"Vad = - T (85/oT)p and Cv = T(oS/oT)p, 
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where S is the entropy per unit mass. All the partial derivatives in the formulae 
were calculated numerically. In the calculation of S only relatively abundant species, 
such as H, H2 , fl+, CO, and OH, were considered. As a matter of fact, the 
thermodynamical variables are determined mainly by the ionization of H and the 
dissociation of H2 • Fig. 6 shows the V a.a:-T relations at typical gas pressure values. 
ydand Gp directly determine the convection starting position in the photospheric 
models and as the temperature stratification in the generated models was found to 
be sensitive to this position, the calculated models are vulnerable to errors in the 
estimate of ydand Gp. 
Photospheric models were computed at 50 values of the standard optical depth 
71.2µ; log 71.2µ ranged from -8 to 1.35. The solar chemical composit ion ([M/ HJ = 0) 
used in the models is from Cameron (1983) and the logarithmic abundances of the 
major elements in dex are given in Table 1. Effective temperatures (Te! f ), logarithm 
of effective surface gravity (log g) and metallicities relative to the Sun ([M / HJ) of 
the constructed models and the synthesized spectra are listed in Table 2. 
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Table 1 Adopted Solar Abundances 
M n log (M/H) M n log (M/H) M n log (M/H) M n log (M/H) 
dex dex dex dex 
H 1 0 .00 Ne 10 -4.01 K 19 -6.88 Cu 29 -7.69 
He 2 -1.17 Na 11 -5.65 Ca 20 -5.63 Br 35 -9.46 
Li 3 -8.65 Mg 12 -4.40 Sc 21 -8.93 Rb 37 -9.64 
Be 4 -10.34 Al 13 -5.50 Ti 22 -6.92 Sr 38 -9.06 
B 5 -9.47 Si 14 -4.42 V 23 -8.02 y 39 -9.74 
C 6 -3.38 p 15 -6.61 Cr 24 -6.32 Zr 40 -9.34 
N 7 -4.06 s 16 -4.72 Mn 25 -6.46 I 53 -10.32 
0 8 -3.16 Cl 17 -6.75 Fe 26 -4.47 Ba 56 -9.74 
F 9 -7.53 Ar 18 -5.40 Ni 28 -5.74 La 57 -10.86 
Table 2 Atmospheric Parameters of Models and Synthetic Spectra 
Teff log g [M/H] Teff log g [M/H] 
(I<) (log dyn/ cm 2 ) (dex) (K) (log dyn/cm2 ) (dex) 
3800 5 0 .3 3000 5 0.3 
3800 5 0 3000 5 0 
3800 5 - 1 3000 5 -1 
3800 5 -2 3000 5 -2 
3500 5 0.3 2750 5 0 .3 
3500 5 0 2750 5 0 
3500 5 - 1 2750 5 -1 
3500 5 -2 2750 5 -2 
3250 5 0 .3 2500 5 0.3 
3250 5 0 2500 5 0 
3250 5 -1 2500 5 -1 
3250 5 -2 2500 5 -2 
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3.2.2 Computation of Synthetic Spectra 
Theoretical spectra were calculated for the constructed model photospheres with an 
adapted spectral synthesis version of Wehrse's modeling program mentioned above. 
While the internal computations of elemental and molecular partial pressures were 
replaced by interpolations in Tsuji's tabular results, the internal calculations of 
high-resolution absorption coefficients were still retained with some extensions and 
modifications in continuous opacity and molecular band opacities. Consequently, 
in the current spectral synthesis program, continuous absorptions from H, H-, 
H2, H:;, He- and Hrdip plus scattering from e- (Thomson) and H, H2 and He 
(Rayleigh) are taken into account. For TiO, opacities of the a, /3, ,',,,and 8 band 
systems are from the tabular Straight Mean opacities based on a detailed line-by-line 
calculation by Collins (1975); and those of the ¢, and <: band systems are calculated 
using the JOLA formula. The band electronic oscillator strengths gf-values are those 
determined by Brett (1987) from his study on cool stars. For H 20, at wavelengths 
longer than 1.07 µ the opacity is based on the laboratory straight mean absorption 
coefficients obtained under low temperature and high pressure conditions by Ludwig 
et al. (1973), while at shorter wavelengths where no laboratory data is available the 
JOLA opacity is still employed. The opacities of all the other molecular bands, that 
is, those of VO, CaH, FeH and CO, are all calculated using the JOLA formula. A 
detailed discussion concerning FeH bands can be found in Chapter 8. 
Synthetic spectra were calculated at about 1500 wavelength points over the wave-
length interval 0.5µ to 4.0µ and were smoothed to yield the resolution of the ob-
servational data (""' 15A.). The strengths of the molecular bands in the synthetic 
spectra were found to be very sensit ive to band gf-values. As a result, the uncer-
tainty in adopted gf-values makes it difficult and less sensible to precisely compare 
the molecular features in the synthetic spectra with those in the observed spectra. 
This problem is expected to exist in the calculated far-red spectra but not in the 
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near-IR spectra because the dominant absorption bands in the near-IR - the H20 
bands - were calculated using the absorption coefficient obtained in the laboratory 
without involving the gf-values of H2 0 bands. 
3.2.3 Comparison with Allard's Model Results 
To ensure the accuracy of our theoretical calculation, the model results were checked 
against Allard's model results (1990). 
Allard's modeling code and the present one have a very similar outline. Both 
were obtained by adapting the Wehrse program of modeling the atmospheres of white 
dwarfs. Important differences between the two codes are mainly in the manner of 
incorporating opacities and partial pressures, and in the calculation of thermody-
namical quantities. The continuous opacity calculation in Allard's code is exactly 
the same as that in our spectral synthesis code, and her molecular band opacity 
calculation would be also the same as that in our spectral synthesis were there no 
difference in the adopted gf-values for the bands of TiO, VO and CO. That is, 
for molecular absorptions, Allard adopted the Straight Mean line-by-line opacities 
by Collins for TiO (1975) and the JOLA opacities for other molecules based on 
Tsuji's JOLA formulae. In her opacity calculation, Allard included the important 
metal absorption lines at shorter wavelengths. All the important molecular species 
were taken into account in her models and the equation of state is solved internally. 
The thermodynamical quantities, 'v ad and Gp, were obtained analytically following 
the method of Wehrse (1977) and the values she obtained are more accurate than 
the estimates in this calculation. Allard's code is better formatted and more self-
contained but the generated models have only the same physical accuracy as the 
present models, as stat d in the Introduction. 
The temperature stratification in each of the radiative and convective models 
generated for a series of effective temperatures and solar abundance was compared 
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here with that in the corresponding model by Allard. The comparison for radiative 
models and for convective models is shown in Fig. 7a and Fig. 7b respectively. It 
can be seen that in all the models the temperature agreement in the deep layers 
are satisfactory but some temperature discrepancies exist in the surface layers. The 
discrepancies shown in the pure radiative models are due to the effect of opacities, 
and those in the convective models are likely to be due to the combined effects of 
opacities and thermodynamical quantities. However, any temperature uncertainty 
in the surface layers is qualified by the lack of knowledge about a hot chromosphere 
on top of the relatively cool photosphere in both of the model constructions, since 
it is not clear how the chromosphere affects temperatures in the surface layers of 
the photosphere. Therefore, in both cases temperatures in the surface layers of 
the models are not really meaningful. In addition, the present study is based on the 
spectral-energy distribution, which is mainly determined by the temperature struc-
ture in the optically thick region relatively deep in the photosphere. Therefore the 
temperature discrepancies in the surface layers have been considered unimportant. 
Since the models generated in the current study are substantially the same as those 
already presented in Allard's thesis, model structures are not repeated in this thesis. 
The synthetic spectra produced in the current study were also checked against 
those of Allard. Fig. 8 shows the comparisons between the 3800/5/0 spectra and 
between the 2500/5/0 spectra. In the far-red region of the 3800/5/0 spectra, there 
exist very significant discrepancies in the strengths of some molecular bands, whereas 
in the near-IR the discrepancies are little greater than the uncertainty in the ob-
served spectra, except for the CO bands. The discrepancies in the band strengths 
between the two 2500/5/0 spectra are sti ll significant although less obvious because 
the molecular bands are nearly saturated; also the agreement of the spectra in the 
near-IR is reasonably good. The calculated spectra for Allard's temperature strat-
ifications using our spectral synthesis code revealed that the discrepancies in the 
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far-red spectra were mainly due to the different band gf-values adopted in the spec-
tral syntheses rather than due to the difference in the temperature stratification. 
Spectra for her 3800/5/0 and 2500/5/0 convective models are compared with cor-
responding spectra obtained in our models in Fig. 9. Some discrepancies still exist 
between the spectra in both the far-red and near-IR region, but they a.re not much 
larger than the uncertainties in the observational data due to the noise. Therefore, 
from the point of view of applying the theoretical results to the interpretation of the 
observations, the temperature discrepancies between Allard's models and our mod-
els can be realistically ignored. The comparison of the calculated far-red synthetic 
spectra presented here and observation, given in the next section, have indicated 
that our adopted gf-values are adequate to account for the band strengths in the 
observed spectra. This implies that the gf-values adopted by Allard tend to be too 
large. 
The difference in band gf-values has been seen to have considerable influence 
on the spectral appearance. It seems that band strengths are much more sensitive 
to gf-values than to the model structure, though this is yet to be verified using the 
model results produced from Allard's code in which the gf-values are va.ried. As a 
result, it is difficult and insecure to extract detailed information about the temper-
ature stratification in the photosphere of M dwarfs by studying the low-resolution 
stellar spectra until gf-values of molecular bands can be determined precisely. In 
addition, the calculation results suggest that the far-red spectral-energy distribution 
is determined mainly by the temperature of the intermediate layers and the near-IR 
spectral-energy distribution mainly by that of the deeper layers. 
3.2.4 Calculated Synthetic Spectra 
Far-red synthetic spectra produced for a series of models are presented in Fig. 10 to 
show the variation of the molecular bands with temperature and metallicity in detail. 
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Systematic changes of spectral features with decreasing temperature and decreasing 
metallicity can be clearly seen from these spectra. Quantitative descriptions about 
these spectra will be discussed in the next chapter. The synthetic spectra from 0.5µ 
to 4.0µ are given in Fig. 11, with spectral-energy being presented in units of Fv to 
show the general change of the spectral-energy distribution and to emphasize the 
effects of H- and H20 opacities. 
3.3 Comparison with Observations 
The comparison between theoretical results and observational data was performed 
by directly comparing the synthetic spectra with the observed spectra rather than 
via color indices, since the colors make it impossible to distinguish between the 
effects of molecular band absorption and continuum change. But such a distinction 
is necessary to examine the model structure and molecular opacity. Spectra provide 
us with clearer and more reliable information as to the temperature structure than 
do colors. 
The similarity in the general spectral-energy distribution between the synthetic 
spectra and the observed spectra over the wavelength region 0.5µ-4.0µ can be readily 
seen by inspecting Fig. 2 of Chapter 2 and Fig. 11 of this chapter. The detailed 
comparison between observation and prediction was carried out for the far-red region 
and t_he near-IR region separately. 
To check the predicted flux in the far-red, Fig. 12 presents observations of a few 
M dwarfs with different effective temperature on which have been superimposed the 
best matching synthetic spectra. GL103, a member of the HR1614 group of metal 
rich stars (Eggen 1978a), was used for comparison with the synthetic spectra of the 
metal rich models. GL643, a member of the W630 group of solar abundance stars 
(Eggen 1977, 1978) was chosen for comparison with the synthetic spectra of solar 
abundance models. Several other stars were assumed to have near-solar abundance 
and also used for comparison with the synthetic spectra of normal metallicity models. 
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In Fig. 12, it can be seen that the agreement between the quasi-continua in the 
predicted and observed spectra is reasonably good at wavelengths longer than 0. 7 µ, 
whereas disagreement shows up at shorter wavelengths in higher temperature spec-
tra. The disagreement is mainly attributable to the neglect of the abundant metal 
lines at shorter wavelengths in the spectral synthesis. As the temperature decreases, 
the molecular absorptions become much more important compared to those of the 
metal line at shorter wavelengths and discrepancies are no longer seen. The quasi-
continuum agreement at wavelengths around 1.0µ indicates that the model effective 
temperature is close to that of the star. The quasi-continuum agreement at wave-
lengths between 0. 7 µ - 1.0µ suggests that the model metallicity is close to that of 
the star. While not perfect, the molecular bands in the stellar spectra can be fitted 
by the predicted spectra reasonably well. The discrepancies between predicted and 
observed strengths are attributed to a few factors in the calculation: 1) the errors in 
the adopted band gf-values; 2) the uncertainty in the temperature of shallow layers 
of the model due to the neglect of the chromosphere; 3) the approximate treatment 
of the molecular opacities; 4) the abundance and effective temperature used in the 
calculation being slightly different from those of the star. By adjusting the atmo-
spheric parameters used in the theoretical calculation, there is no great difficulty in 
matching the observed far-red spectra with the calculated spectra. However, from 
a different view point, since there are several sources of uncertainty affecting the 
theoretical spectra, it is difficult to isolate the effect of each uncertainty and to 
determine the atmospheric parameters of M dwarfs with high precision. 
In order to check the predicted flux in the near-IR, some of the synthetic spectra 
were checked against observations of a few M dwarfs whose abundances have been 
known with reasonable certainty. Fig. 13a and 13b show the flux comparison in 
the near-IR and in the far-red. The 3800/5/0.3 spectrum is plotted together with 
observational spectra of GL205, a member of the HR1614 group of metal rich stars 
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(Eggen 1989). The 3500/5/0 spectrum is compared with GLSS7 (Y.5.584), classified 
as an M2 normal abundance dwarf. GL551 (Proxima Cen), a late-type t,,,r dwarf, is 
the closest star to the Sun and it has near-solar abundance. LHS20G.5 and LTIS2397 A 
(M7), two of the coolest M dwarfs discovered to date, are also assumed to be of 
normal abundance because of their low velocities. Since the far-red spectra of GLS87 
is not available, the far-red spectra of GL 701 which has the same R-I colors as GL887 
is used. The synthetic spectra for the solar abundance models were compared with 
the spectra of the three late-type M dwarfs. 
The agreement in the near-IR spectra between the early type stars and the hot-
ter model results is reasonably good, as shown in Fig. 13a. I3ut the discrepancy 
between the cool stars and the cooler models becomes striking as the temperature 
decreases, although their far-red spectra fit reasonably well, a5 shown in Fig. 13b. 
In the synthetic spectra, the flux peak in the J band is much too bright and the 
flux peak in the K band is much too weak when compared with observations, or the 
flux in the H band is too strong. Having confirmed that this serious disagreement 
could not be accounted for by any errors in the spectral calcu lation and observation, 
we turned our attention to the adopted H 2 0 opacity and later to the temperature 
stratifications in the constructed cool models. A detailed discussion can be found 
in successive sect ions. Assuming that the adopted laboratory //2 0 absorption coef-
ficient is basically correct, we consider that the near-IR synthetic spectra arc more 
reliable indicators of the temperature structures in the photospheric models than 
are the far-red spectra. 
The problem presented above is very important to the investigation of the physics 
of M dwarf photospheres and the application of the theoretical results to the analysis 
of their properties, so that it is worth a large effort to isolate the cause of the problem 
and to so lve it. In the next two sections, the analysis and discussion toward this 
end are presented. 
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3.4 Problems in the Cool Models 
An initial possible explanation for the low temperature synthetic spectra being dis-
crepant from observations in the near-IR was the H 2 0 opacity calculation in the 
spectral synthesis because of its straightforward effect on the flux. In the spec-
tral synthesis, Ludwig's laboratory SM H20 absorption coefficients were directly 
incorporated in the H2 0 opacity calculation: If the SM opacity over-estimates the 
molecular band absorptions, the synthetic spectra will be wrong. But unfortunately, 
it seems that the problem with our synthetic spectra in the near-IR cannot be ac-
counted for by the SM H20 opacity for the following reason. Alexander et al. (1989) 
investigated the effect of the SM H20 opacity on the near-IR flux of the statistical 
spectra of M giants. They found that the SM H2 0 opacity only over-depressed 
the flux at wavelengths where the H2 0 absorption is very strong but did not mis-
represent the flux at wavelengths where the H 2 0 absorption is weak, as indicated 
by the lower panel of Fig. 8 in their paper. In our synthetic spectra, it is likely that 
the H20 absorption bands are much stronger than they should be. However, it is 
unlikely that the SM H2 0 opacity has a significant effect on the flux peaks in the J, 
H and K passbands, where the H20 absorption is very weak. Nevertheless, for test-
ing, arbitrarily reduced H20 coefficients of Ludwig were used to calculate some cool 
models and their synthetic spectra; but the resultant spectra did not resemble the 
observations either. An alternative could be to question the reliability of Ludwig's 
laboratory H2 0 absorption coefficients themselves. But the discrepancies between 
the synthetic spectra and the observations are so large that it is impossible for us 
to believe that the laboratory data can be so wrong. Therefore, we deduced that 
it is more likely that there is some problem in the temperature stratification of the 
model~ rather than in the H2 0 opacity calculation . 
The postulate that an incorrect temperature stratification is responsible for the 
incorrect spectral-energy distribution in the near-IR is supported by the discussions 
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of Mould (1976) and Mould and Hyland (1976). As realized by Mould and Hyland, 
the turnover of the J-H colnr at J-H "' 0.2, which corresponds to Teff "' 4000 K, 
in the (J-H,H-K) diagram of M dwarfs is mainly a consequence of the altered tem-
perature gradient due to convection. In the photosphere of a cool dwarf, the deeper 
region is fully convective due to the effective association of H2 • The temperature 
gradient in this deep convective region, from where the continuum flux in the near-
IR emerges, decreases significantly. This consequently reduces the flux maximum. 
For M dwarfs, the flux maximum falls in the H band, where the H- absorption coef-
ficient approaches its minimum. The flux reduction in the H band is responsible for 
the turnover of the J-H color. It can be seen that the relative heights of these band 
flux maxima are directly related to the temperature gradient in the photospheric 
model. 
It seems reasonable to assume that the temperature structure in the intermediate 
region of the models is less erroneously computed. The problem mainly comes from 
the temperatures in deep layers , although the temperature in the deeper region is 
also related to that in the surface region. The reasoning for this is as follows. The 
TiO features in the far-red region of the synthetic spectra have been seen not to 
have serious discrepancies from observations. This requires that the temperatures 
are basically correct in the intermediate layers, where the TiO molecules are mainly 
distributed and the density increases . 
A series of spectra were calculated for some temperature stratifications arbi-
trarily established without physics input by modifying the computed T( T) in the 
2500/5/0 convective model, with the aim of finding which temperature stratification 
is able to produce the observed near-IR spectra. It was found that the temperature 
stratification which has a very flat gradient in the deeper layers did produce a syn-
thetic spectrum resembling the observations. This t mperatur stratification, called 
TM(r), is pr sent d along with the T(r)'s of the 2500/5/0 convective and radiative 
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models in Fig. 14. The synthetic spectrum produced for this TM(-r) does appear 
similar to the stellar spectra of a cool dwarf in the near-IR as well as in the far-red. 
Fig. 15 shows the comparison between the synthetic spectrum of TM ( T) and the ob-
servation of LHS2065. In the near-IR, the relative heights of the flux peaks in the J, 
H, and K bands of the synthetic spectrum fit the observation much better. It seems 
that the quasi-continuum of the calculated spectrum can basically be described by 
the 2500 K black-body curve, as for the observation. In the far-red, the CaH, TiO 
and FeH bands all appear weaker, because of the further depressed continuum, and 
fit the observations reasonably well except for the FeH band. Unfortunately, an im-
portant and critical check of TM ( T) could not be conducted because the flux in the 
L passband was not available due to observational difficulties. Another test was to 
arbitrarily reduce the adiabatic gradient by a factor of 5 in the model computation; 
this kind of generated temperature stratification also produced a synthetic spectrum 
more consistent with the observations. All these facts imply that the temperature 
gradient in the constructed models is too steep in deep layers. If this were the case, 
the temperature stratification throughout the whole model would be wrong. 
3.5 Possible Reasons for the Incorrect T( T) 
We have considered several reasons which could possibly account for the appar-
ently incorrect temperature distributions in the deep layers of the cool models: 1) 
over-backwarming caused by inaccurate JOLA molecular opacities; 2) the wrong 
continuous opacity caused by large errors in the adopted values for the ionizat ion 
energy of H-; 3) incorrect evaluation of thermodynamical quantities ('v ad and Gp) 
either due to errors in the adopted values for the dissociation energy of those impor-
tant molecular species or to ignorance of the existence of some important molecular 
species; 4) the inadequate treatment of convection. Although the second possibil-
ity can have a serious effect on the temperature structure in the deep layers of the 
models, it is left out in the following discussion since there is no reason to doubt the 
62 
I 
I 
4000 I 
£--< 3000 
,..., 
Cl) 
-~ ..,
"' .; 
.es 
.. 
r.. 
2000 
-6 
1.2 
1 
0.8 
0.6 
0.4 
0 .2 
0 
500 
-5 -4 -3 -2 
log T1.21,1 
Fig.14 
-1 
LliS2065 : Modified 2500/5/0 (Far-red) 
600 700 800 
0 
900 1000 
1.2 ..---~-~-~-~------------~-~ 
LHS2065 : Modified 2500/5/0 (Near-IR) 
0.2 
0 L--L--L---.JL----.J'----'---'---'---'----'----'---'----' 
4000 1000 1500 2000 2500 
>.. (nm) 
Fig.15 
63 
3000 3500 
physical constants for s- at the level needed to explain this specific problem. 
3.5.1 Excessive Back-warming due to JOLA Opacities? 
The backwarrning behavior of H 20 and TiO can be seen in Fig. 16. The backwarm-
ing of both the molecules does not have the tendency to increase the temperature 
gradient in deep layers. Also the possibility of over-backwarming enhancing the 
temperature gradient (if over-backwarming does exist) is easily ruled out since the 
temperature stratification without backwarming due to molecules is even steeper. 
Additional evidence comes also from Mould's models. In Fig. 17, the T structure 
of Mould's 3000/4.75/0 model (1976) is plotted. Since the ODF TiO and the ODF 
H2 0 opacities are applied in his model computation, we can assume that there 
should be little over-backwarming in his result, and as shown in Fig. 17 there is no 
sign of the temperature gradient decreasing in the deep layers of this model. Ac-
cordingly the possibility that the problem is caused by the molecular opacities can 
be ruled out. 
3.5.2 Incorrect Values of 'v ad and CP? 
As is well known, Schwarzchild's criterion for convective stability 'v rad < '\J ad can 
be violated either because of an increase in 'v rad resulting from the high density, or 
from a decrease in 'v ad resulting from the thermodynamical property of the stellar 
material. In the photospheres of M dwarfs, the latter effect holds and convection 
starts at the very surface layers, where the density of stellar materials is sti ll low. 
The dissociation of the H2 molecules tends to transfer the thermal energy in to 
molecular internal energy, which results in a large heat capacity and a small 'v ad· 
In the deeper layers, convection is so efficient that the real temperature gradient 
is not very different from the adiabatic one. Therefore, a too flat or a too steep 
temperature structure in the deep layers can be reasonably accounted for by a mis-
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evaluated V ad· To bring down the· values of V ad further requires the existence of 
some other very important molecular species, as the effect of their dissociations 
needs to be comparable with that of H2 • However, the existence of such molecules 
lacks any physical grounds at present. 
3.5.3 Inadequate Treatment of Convection ? 
In the photospheres of M dwarfs, convection is dominant in fixing the temperature 
structure in convective regions (Mihalas 1967). An incorrect temperature stratifica-
tion is possibly due to an inappropriate treatment of convection. 
Firstly, the effect of changing the mixing-length l / H in the application of the local 
mixing-length theory on the temperature structure was examined. The temperature 
stratification of a 2500/5/0 model with l/ H = 2 was compared with that of a 
2500/5/0 model with l/ H = 1 and the result showed that the change of l/ H has 
little effect on the temperature stratification of the cool models, which is consistent 
with the result obtained by Mould (1976). 
Nordlund (1976), on the basis of the two-stream convection models , suggested 
that predictions of standard mixing-length theories of convection were more reliable 
in early-type M dwarfs than in the Sun. However, since the local mixing-length 
theories of convection were found to flatten the temperature stratification in the 
solar photospheri c model significantly (Unno et al. 1985) when a non-local sta t istical 
convection theory (Xiong 1981) is applied , it is worth some fur ther di scuss ion on 
the physical insight of the local and non-local convection theories . It may provide 
some clues for the resolu t ion of the problem. T he fo llowing di scussion concerni ng 
convection is based on a one-stream scenario. 
The local mixing-length treatment of convection, whi ch has been most widely 
used and is also employed in the present study for its ease of computat ion , is a typical 
so-called local theory of convection. It describes convection at a given posit ion only 
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with the physical characteristics of this position instead of those of all the other 
distance positions. It has been recognized that local theories are only valid in a 
homogeneous turbulent field, such as the deep interior of a convection zone, (Spiegel 
1973, Gough and Weiss 1976), while they become invalid at the edge of a convective 
zone where the turbulent field is inhomogeneous (Xiong 1989). A few non-local 
treatments of convection have been developed, and convection overshooting into a 
convectively stable zone (i.e. penetrative convection) has been successfully predicted 
by non-local theories (Spiegel 1963, Parsons 1969, Unno 1969, Ulrich 1970, Xiong 
1979, 1981). Many photospheric phenomena can be well understood on the basis of 
convective overshoot (Moore 1981). Spiegel's non-local theory was applied to the 
Sun and a comparison made between the theoretical and observational results which 
showed the calculated temperature structure in the narrow superadiabatic region of 
the convective zone to be too flat (Travis and Matsushima 1973). This was due 
to the overestimated convective energy transport in the penetrative zone (excessive 
overshoot) caused by the theory. When Unno et al. applied Xiong's statistical non-
local theory to the Sun, they predicted a rather steep temperature gradient which 
is in good agreement with the observed result obtained by Gingerich et al. (1971 ), 
plotted in Fig. 18. The sharp temperature increase at shallow optical depth results 
from the inefficient convective energy transport (Fe/ F ~ 0.03) and the sign changing 
of the convective flux in the penetrative region near the convective boundary. The 
sudden decrease of the temperature gradient at large optical depths is caused by the 
complete ionization of the H atoms. 
A physical explanation for the convective flux Fe being negative in the over-
shooting region near the convective boundary has been suggested by Xiong (private 
communication). At the boundary of the convectively stable and the convectively 
unstable zones, convective eddies generated in the unstable zone penetrate into the 
stable zone. A relatively hot and buoyant eddy will overshoot and experience an 
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upward buoyancy force until it rises t6 a point where radiative relaxation leads to 
thermal equilibrium with the ambient medium. Subsequently the eddy will deceler-
ate, but still continue to rise, until all of its initial momentum is lost. During this 
rising process, it will cool down through adiabatic expansion and appears darker 
than its surroundings when its upward velocity approaches zero. After this, the 
eddy will fall back from the convectively stable zone to the unstable zone. During 
its falling back, the eddy will absorb heat from its surroundings, and when it ap-
proaches the convective boundary the eddy will become hotter than when it passed 
the boundary during its rise. Consequently, the net heat flux transferred outward 
by convective eddies in the overshooting region near the the convective boundary is 
actually negative. 
Non-local convection theories have not been widely used for M stars. It is possi-
ble that the application of Xiong's non-local statistical theory to the construction of 
the photospheric models for M dwarfs will lead to temperature stratifications which 
produce spectra that better fit the observations. The main effect is expected to be 
in the low density surface region, where the low efficiency of convection makes the 
temperature structure very sensitive to the treatment of convection . The temper-
ature stratification in the whole photospheric region is accordingly affected. The 
reasonable agreement between the far-red synthetic spectra generated in the current 
models and the observations cannot rule out the above conjecture. This is because 
synthetic spectra of similar appearance can be produced by different temperature 
stratifications after taking into account the effects of uncertainties associated with 
the observational data, the properties of the comparison stars and the molecular 
opacities. 
No conclusive solution to the problem discovered has been reached from the fore-
going analyses and investigations. If it is the case that the incorrect spectral-energy 
distribution is caused by the temperature stratification instead of the laboratory 
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H2 0 opacity, as suggested by this study, the unsatisfactory convection theory em-
ployed seems most likely to be responsible for the temperature problem in the cool 
models. Detailed physical investigations and numerical verifications are necessary 
to address the problem more precisely. These require considerable further effort, 
unfortunately beyond the time scale of this Ph.D study. 
3.6 Summary 
A summary of the results of the study and analysis presented in this chapter is 
given below. The implications lying in and the knowledge obtained from these 
results are discussed in the final chapter (Chapter 9) together with other aspects of 
the photospheric study of M dwarfs. 
• The JOLA opacities of the dominant molecules were verified in detail under 
typical physical conditions in the photospheres of M dwarfs and they were 
found to be capable of constructing sufficiently accurate photospheric models 
for M dwarfs. 
• A grid of convective photospheric models and a series of synthetic spectra were 
computed for M dwarfs. The temperature stratifications of the models are in 
good agreement with the models of Allard. The discrepancies found in the 
synthetic spectra are mainly due to the different gf-values adopted for the 
molecular bands in the calculations. The uncertainty in the determined gf-
values causes difficulties in obtaining accurate band strengths in the synthetic 
spectra and therefore in the photospheric study of M dwarfs by comparing 
predicted and observed spectra. 
• The synthetic spectra of the hotter photospheric models (Tef 1 ~ 3250 K) fit 
the observations over the wavelength region from 0.5µ to 4.0 µ reasonably well. 
But as the Tef J of the models decreases, the discrepa ncies between t he syn-
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thetic spectra and the observations mainly in the 1.0µ to 4.0µ region become 
quite significant. 
• It has been proposed that the temperature stratifications at deeper layers in 
the cooler models is responsible for the apparently incorrect spectral-energy 
distribution in the near-IR. The temperature gradient in the deeper region 
is suspected of being too steep. Having examined several possibilities, the 
unsatisfactory treatment of convection is suggested to be the likely reason for 
the apparently incorrect temperature stratification of the cool models. 
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Figure and Table Captions 
Fig. 1 Line separations and line widths of the important molecules calculated by 
Tsuji(1971). 
Fig. 2 Distribution of the TiO molecules in the radiative photospheric model of 
3000/5/0 (Tell/log g/[M/H]) . 
Fig. 3 Monochromatic optical depth r11 versus wavelength -A at three different 
depths ( r1.2 = 10-3 , 10-2 , 10-1 ) in the 3000 /5/0 radiative model. 
Fig. 4 Comparison between the 3000/5/0 radiative T(r)s calculated with (solid 
line) and without ( dotted line) the JOLA CO opacity, showing the CO surface 
cooling effect and no backwarming effect. 
Fig. 5 Distribution of the CO molecules in the 3000/5/0 radiative model. 
Fig. 6 'v' ar T relation at various gas pressures: log P 9 = 5, 5.5, 6, 6.5, 7, 7 .5 
Fig. 7 a) T(r) comparison between our and Allard's radiative models. b) T(r) 
comparison between our and Allard's convective models. 
Fig. 8 Allard's 3800/5/0 and 2500/5/0 synthetic spectra ( dash curves) compared 
with our 3800/5/0 and 2500/5/0 synthetic spectra (solid curves) respectively. 
Fig. 9 Synthetic spectra calculated for Allard's 3800/5/0 and 2500/5/0 T(r) 
using our spectral synthesis code ( dash curves) compared with our 3800 /5/0 and 
2500/5/0 synthetic spectra (solid curves) respectively. 
Fig. 10 The far-red synthetic spectra produced for a series of photospheric models, 
showing in the detail systematic variation of the molecular bands with temper-
ature and metallicity. 
Fig. 11 The synthetic spectra from 0.5µ to 4.0µ, showing the general change of 
the spectral-energy distribution and the effects of H- and H 2 0 opacities. 
Fig. 12 Observed far-red spectra of several M dwarfs of different effect ive temper-
ature plotted with their best matching synthet ic spectra respectively. 
Fig. 13 a) Observed near-IR and far-red spectra of two early-type M dwarfs 
compared with the synthetic spectra. The agreement between observations and 
predictions is reasonably good. b) Observed near-IR and far-red spectra of thr e 
late-type M dwarfs compared with the synthet ic spectra. While the agreement 
between observations and predictions in the far-red is reasonably good, the dis-
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crepancy between them in the near-IR becomes more serious as the stars become 
cooler. 
Fig. 14 The temperature stratification TM ( r) ( solid line) established empirically 
to produce observational near-IR spectra, plotted along with T( r) of the con-
structed 2500/5/0 convective (dotted line) and radiative (dash dot line) models. 
Fig. 15 Comparison between the synthetic spectrum of TM ( r) and the observations 
of LHS2065. 
Fig. 16 a) Comparison between 3000/5/0 radiative T(r)'s generated with (solid 
line) and without ( dotted line) the JOLA H20 opacity. b) Comparison between 
3000/5/0 radiative T(r)'s produced with (solid line) and without (dotted line) 
the JOLA TiO opacity. 
Fig. 17 The temperature stratification of Mould's 3000/4. 75/0 convective model. 
Fig. 18 The temperature stratification of Unno et al. 's solar photospheric model 
generated with applying Xiong's non-local convection theory, along with the 
observed result obtained by Gingerich et ai. (1971) (presented in solid triangles). 
Table 1 The solar chemical composition ([M/ HJ = 0) used in the model construc-
tion. 
Table 2 Atmospheric parameters of constructed models and synthesized spectra. 
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Chapter 4 
Difficulties in the Te/ 1 Determination for M Dwarfs 
The effective temperature (Teff) of M dwarfs, one of the fundamental photo-
spheric properties, is so essential and crucial in the studies of the interior and evo-
lution as well as the other atmospheric properties of M dwarfs that the issue of how 
the effective temperature of M dwarfs is determined is of particularly importance. 
The effective temperature should ideally be determined by fitting the observed 
spectral energy distribution to the synthetic spectra of specific atmospheric param-
eters. Practically, Tel J of most M dwarfs has been estimated semi-empirically using 
some kind of blackbody (BB) fitting technique because of the unsatisfactory mod-
els for M dwarfs, especially in the case of late-type M dwarfs. Only for M dwarfs 
which happen to be in eclipsing binary systems can the effective temperature be 
determined independently of these techniques. To estimate the Teff of M dwarfs, 
Greenstein et al. (1970) adopted the technique of fitting a BB curve to the broad-
band magnitudes and allowing for a reasonable amount of blocking toward short 
wavelengths while keeping the total flux under the BB curve equal to the total flux 
actually observed from the star. Petterson (1980) used a similar method to approxi-
mate the effective temperature for solar neighborhood flare stars. Reid and Gilmore 
(1984), and Berriman and Reid (1987) determined the effective temperature fol -
lowing the procedure of normalizing the Planck curve to match the K passband of 
the stellar spectrum and deriving the Te! J by equating the total observed flux to 
that under the normalized Planck curve (RG method hereafter). In his study of M 
giants, Wing (1967) established a temperature scale for M giants by fitting Planck 
curves to the red continua between 0.75µ and 1.05µ. A similar method was also 
employed to calibrate the temperatures of M dwarfs (Wing 1979). He indicated 
that such determined temp erature refers to the deepest layers of the photospheres 
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that contribute to the observable spectrum and that they may or may not be equal 
to the effective temperature. 
Using semi-empirically-determined effective temperatures, several temperature 
scales have been established for M dwarfs from observed color indices over the past 20 
years ( eg. Greenstein et al. 1970, Petterson 1980, Reid and Gilmore 1984, Berri man 
and Reid 1987, Wing 1979 and Veeder 1974) . Recently, Bessell (1990) briefly reviewed 
the calibration results and also provided empirical color-temperature relations for 
old-disk M dwarfs. 
Having systematically calculated the photospheric models and synthetic spectra 
of M dwarfs, we are in a good position to examine the methods of determining the 
effective temperature and to investigate the astrophysical implications of the semi-
empirically estimated Teff for M dwarfs. Section 4.1 and section 4.2 concentrate on 
analyzing the BB fitting techniques by Greenstein et al. and by Reid and Gilmore. 
In section 4.3, we have calculated the empirical temperatures and some obser-
vational quantities based on the synthetic spectra. By investigating the relations 
between these quantities and the photospherical parameters of the spectra, we have 
been able to discover inadequacies and to establish the calibrations of these measured 
quantities. When in the future well-developed photospheric models of M dwarfs be-
come available, the established calibrations based on model results can be applied to 
the observational results of M dwarfs to determine their photospheric prope ·t ies. It 
should be mentioned that the discussion in section 4.3 remains basically theoretical 
since it appears that our synthetic spectra inadequately interpret the observations 
especially for late-type M dwarfs. Nevertheless, we believe that a systematic st udy 
of the model results do provide an insight into the effects of different atmospherical 
parameters. 
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4.1 Empirical Method by Greenstein et al. 
4.1.1 Fitting Planck Curves to the Continua? 
There is a strong ad hoc assumption underlying the technjque of fitting a Planck 
curve by Greenstein et al (1970) that the spectral energy distribution of an M dwarf 
can be described by a Planck curve of a certain temperature T88 if there are no line 
and band absorptions, or if the absorptions are taken into account. In their opin-
ion, the flux depression by line and band absorptions, found to change the spectral 
continuum at early stages, is accounted for by allowing for a reasonable amount of 
absorption ( cp_x) in the BB curve fit keeping the maximum allowable depression <P.x 
in mind. This was first introduced in Greenstein et al. 's study based on grey pho-
tospheric models. Recently, Greenstein (1989) has discussed more comprehensively 
the line and band blanketing, in a study of integrating spectral energy distributions 
for M dwarfs. Temperatures determined using the Greenstein et al. method have 
the essence of a color temperature. The assumption about the spectral-energy distri-
bution of M dwarfs implicitly requires that a) the continuum opacity is independent 
of wavelength and b) fluxes are determined more by opacity than by temperature 
gradient. 
In the photosphere of M dwarfs , the continuous opacity has been known to be 
non-grey at most wavelengths , particularly around 1.6µ (the H photometric pass-
band), where the dominant con t inuous opacity due to H- reaches its minimum and 
where the flu x conveys temperature information for deeper layers. The monochro-
matic continuous opti cal depths calculated in our constructed photospheri c models 
of different effective temperatures, shown by the dashed lines in Fig. 2 and Fig. 3, 
clearly indicate the behavior of the H - opacity. It can be expected that a poor 
match in the H passband will occur between the stellar spectrum and the Planck 
Tef 1 curve. To avoid the H - opacity influence on the spect ra l-energy di stribution , 
the flux in the H pass band, and as a matter of fact the I< band as well , should be 
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ignored; the continua defined at the remaining ' wavelengths could then be better 
described by a Planck curve. The temperature calibration by Veeder (1974) was 
derived using the BB fitting technique ignoring the H flux. Opacity properties will 
be discussed extensively in the next section. 
According to stellar atmosphere theories, fluxes emerging at the surface of a 
star are essentially determined by the temperature gradient in the photospheres 
and the monochromatic absorption coefficient. The temperature gradient is set up 
solely by the energy transport modes and the opacity. Given radiative equi-
librium in the photosphere, i.e. the energy is transported only by radiation, the 
emerging continuum flux can be approximately described by a Planck curve of 
effective temperature TeJJ defined by f000 FJd>.(r/R) 2 = o-T~1 = J000 B>.(TeJJ)d>., 
where F{ is the stellar monochromatic flux received at the earth, B>. the blackbody 
monochromatic flux at its surface, r is the distance and R the stellar radius. In this 
case, the Teff definition leads to F{ = B>.(Te11)(R/r)2. As an example, the solar 
photosphere radiates like a black-body of temperature equal to a Tel J of 5770 K in 
the visible. 
However, the synthetic spectra calculated with our photospheric models of M 
dwarfs show very different pictures. Fig. 1 shows the synthetic spectra of a series of 
TeJJ values but the same metallicity, [M/H] = -2. The Planck curve corresponding 
to this Tef J is superimposed on each of the spectra respectively. Because of the very 
low metallicity, molecular absorptions have little effect on the photospheric models 
and on the continua of the spectral flux. Deviations in the synthetic spectrum 
from the Planck curve are seen to be striking. While in the 3800/5/-2 spectrum 
the spectral-energy distribution in the near-IR is not seriously different to the BB 
curve, the discrepancy between the synthetic spectra and the BB curves of lower 
temperatures becomes very large. As Tef 1 decreases, the synthetic spectra show 
a large amount of flux being moved from the near-IR to the far-red compared to 
78 
11 
I 
I 
I 
I 
I 
I 
~ 
1.2 1.2 
3800/6/-2 : Bl.3600 3000/5/-2: B!.3000 
1 1 
0.6 0.8 
"o 
.. 
:;J 
ii 0.8 0.8 ., 
.!::. 
r.: 
o., o., 
0.2 0.2 
0 
600 1000 1600 2000 2500 3000 3500 .aoo 1000 1600 2000 2500 3000 3500 4000 
1.2 1.2 
3500/5/-2 : Bl.3500 2750/5/-2 : 812750 
0 .8 0.6 
-
., 
.t 
~ 0.6 0.6 ., 
.!::. 
r.: 
o., 0.4 
0 .2 0 .2 
1000 1600 2000 2500 3000 3500 ,ooo 1000 1600 2000 2500 3000 3500 -4000 
1.2 1.2 
3250/5/-2 : Bl.3250 2500/5/-2 : BI2500 
0.6 0.8 
" 
.. 
:;J 
.; 0 .6 0.6 ., 
.!::. 
r.: 
0.-4 o., 
0.2 0.2 
1000 1500 2000 2500 3000 3500 -4000 1000 1600 2000 2500 3000 3500 4000 
A (run) A (run) 
Fig.I 
79 
the Planck curves. Additional comparisons can be found in the studies of Mould 
(1976a,b) and Allard (1990) based on their theoretical calculations. 
The remarkable differences between the synthetic spectrum and the Planck curve 
have been attributed to the temperature gradient in the photospheres. According 
to our model study, in the photospheres of M dwarfs, from early-type to late-type, 
the convection zone stretches from layers close to the surface down to the bottom 
of the photospheres due to the low adiabatic gradient caused by dissociation of 
the numerous H2 molecules. Convection immediately becomes a significant mode 
of energy transportation once it starts and develops to be dominant in the deep 
photosphere. Near the top of the convection zone, a temperature gradient is set up 
by the radiative flux and the convective flux simultaneously. Deep in the convective 
zone, it is almost solely determined by the adiabatic gradient. In the radiative 
zone at the surface, the temperature gradient is also affected by the temperature 
structure of the deeper layers. The resultant temperature gradient throughout the 
whole photosphere is very different from that built up in a pure radiative photosphere 
of the same Tel J, mainly responsible for the deviations in the emerging fluxes from 
a Planck curve. It can be seen that the treatment of convection in the model 
computation plays a crucial and critical role in the produced models and synthetic 
spectra. According to the above analysis, it is clear that the parameter 'P>. is not 
enough to account for the deviation of the spectrum of an M dwarf from a Planck 
curve. Another parameter, say, called VJ>., is needed to account for the effect of the 
non-grey continuous opacity and the effect of the thermal structure on the emerging 
flux. The relationship between F{ of an M dwarf received at the earth and the 
Planck curve B>.(Tef J) is then 
[l]. 
Since the spectral-energy distribution of M dwarfs cannot be described by Planck 
curves, there is much room left for personal judgement in deciding the best fitted 
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Planck curve to the quasi-continuum of the spectrum. The unknown stellar radius 
R, acting as a freely adjustable parameter, always makes it possible to equate the 
flux under the Planck curve to the observed total flux. In fact, there is no effective 
constraint to obtain the best fitted Planck curve. It also happens that T88 of the 
fitting Planck curve is not necessarily equal to Tef f of the star. There is therefore a 
large uncertainty in the effective temperature determined in such a way. 
4.1.2 Defining the Contin_ua ? 
The discussion above is based on the continuum being traceable, or the flux depres-
sions by line and band absorptions being correctly estimated. The actual situation 
of molecular band absorptions is rather complicated and is worth discussing in detail 
based on the model results. Absorption lines of the important molecules in the M 
dwarfs, such as MgH, CaH, TiO, VO in the far-red and H 20, CO in the near-IR, 
are so dense and broadened that no continuum windows exist between the absorp-
tion lines of even very high resolution spectra. The molecular absorptions appear 
as strong absorption bands in the stellar spectra. 
In the photospheres of early-type M dwarfs, the molecular band absorptions 
are not yet significant because of the small number of molecules. In Fig. 2, the 
monochromatic optical depths from 0.5µ to 5µ at three different layers in the 
3500 /5/0 photospheric model are shown in the top, central and bottom panels re-
spectively. In the layer closest to the surface (log Tt.2µ = -2.2), rJand exceeds r{ont 
at most wavelengths except those between 0.8µ and 1.0µ , but both rf°11 t and rJand 
are optically thin since their absolute values are less than unity. In the intermediate 
layer (log ri_2µ = -1 ), the situation is similar except that the maxima of rJand are 
larger than unity. In the deep layer (log r1.2µ = 0), both rf°nt and rJand become 
optically thick. In the far-red and in the regions around 1.0µ and around 4.0µ of 
the near-IR, the total optical depths rtnt+band is very close to r font beca use r{ont is 
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already in excess of Tkand. The emerging fluxes in these band-free wavelength regions 
mainly bear temperature information of layers where the continua emerges. How-
ever, in the H and K passbands, the fluxes carry mixed information of the minima 
of molecular band absorptions and the continua since the band opacity minima have 
values comparable to the continuous opacity. For early-type M dwarfs (Teff > 3300 
K), a color temperature representing the physical temperature of those layers can 
be obtained by fitting a Planck curve to the spectrum over the band-free wavelength 
regions . But this color temperature does not necessarily coincide with the effective 
temperature. 
As M dwarfs become cooler, the contamination of molecular absorption bands to 
the continuum becomes much more severe due to the increased number of molecules, 
especially the H20 absorption in the near-IR. Fig. 3 shows the sa me results as Fig. 2 
except for the model photosphere 3000/5/0. It can be seen that in the near-IR and 
the blue end of the far-red Tfand overwhelmingly exceeds T fon t in the deep layer as well 
as in the shallow layer and Tkand becomes optically thick far earlier than T font. The 
implications are that in these wavelength regions, the true continuum is no longer 
traceable and the flux maxima are by no means the continuum since the band opac-
ity minima are already significantly larger than the continuous opacity. The fluxes 
emerge from layers stretching to different physical depths and therefore bear infor-
mation of different temp eratures , because the non-grey band opacities of different 
molecules are not necessarily identi cal at different frequencies. Consequent ly, if one 
tries to fit a Pla nck curve to the flu x di stribution from broad-band photometry or 
low-resolution spectroscopy, the temp erature of t he best fi t has a.n ambiguous phys-
ical impliGation since it neither refers to the temp erature of a ny physica l layer in 
the photosphere nor to the effect ive temperature. 
An inspecti on of the resul ts shown in the bot to m panel of fig . 3 reveals tha t 
rn the 0.85µ - l. 05/t region , band absorpt ions d ue to TiO, VO and //2 0 a re weak 
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and also relatively uniform with wavelength, and the continuous , {°nt dominates 
in ,fnt+band. Only in this relatively band-free region , do the fluxes emerge from 
layers that have a uniform temperature and are located shallower than those layers 
emitting flux in the near-IR. This suggests that for cool M dwarfs it is still possible 
to obtain a color temperature which refers to the physical temperature of a certain 
part of the photospheres by fitting a Planck curve to the 0.85µ - l.05µ wavelength 
region. It is expected that this absorption-band-free region narrows in the spectra 
of cooler stars. Wing's suggestion of fitting Planck curves to the red continua of 
the spectra of M dwarfs to determine their color temperatures is supported by our 
analysis. This is also consistent with the conclusion of Mould (1976c) that the 
gradient at lµ is the least abundance-sensitive-parameter of effective temperature *-
for M dwarfs. The color temperature TBB obtained by fitting red continua of the 
synthetic spectra will be calculated and discussed in section 4.3.3. 
We have seen that the continua or the flux depressions in the spectra of M 
dwarfs are very difficult to determine properly because of very complex non-grey 
absorptions of the different bands of different molecules. 
4.2 Empirical Method by Reid and Gilmore 
The RG method essentially abandons the assumption that the spectra of M dwarfs 
can be described by Planck curves over the whole wavelength range and the sense 
of the color temperature in their determined temp erature is elimin ated. In addition 
to employing the Tef J definition 
they only assumed that neither blanketing nor backwarming are important at 2.19µ , 
and therefore at 2.19µ the star radiates like a BB. The Planck curve which gives 
the ame tota l flu x as the observations was normalized to the K passband flu x 
Fi<. This assumpt ion is equivalent to <p2 .19µ = 1 and 1P2.19µ = 1 in t he formula 
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[1], and accordingly having Ff< = B2 .19µ(T)(R/r)2, which in fact has the ratio R/r 
expressed as a function of T. So in the equation 1r Ft~t = uT4 Ff</ B2.19µ(T), Tis the 
only unknown and a T determined in this way is called Tna in this chapter. The 
RG method, similar to the method mentioned by Mihalas (1978), has the merit of 
leaving little room for personal judgement and makes it possible to achieve precise 
results; however, it is vulnerable to systematic errors if c,o2.19µ or 1P2.19µ is not unity. 
The systematic errors in the determined Tef J, however, can be corrected on .the basis 
of theoretical spectral predictions. 
As illustrated in Fig. 2 and Fig. 3, the assumption about non-blanketing at 2.19µ 
is less and less valid as the photospheric model becomes cooler and cooler because 
the H20 band opacity increases significantly with decreasing temperature. The pho-
tosphere of cool M dwarfs is normally backwarmed by heavy molecular absorptions. 
Also, we know from the previous section that the temperature gradient in the pho-
tosphere of M dwarfs is largely affected by convection instead of radiation. As a 
result, the temperature of the continuum-forming layers can be quite different from 
the effective temperature (provided the continuum can be seen at 2.19µ). The as-
sumption underlying the RG method is therefore risky. According to our synthetic 
spectra (shown in Fig. 1), the flux emerging at the surface F2.19µ(TeJJ)sur is not in 
fact equal to B2.t9µ(Tef J). The difference between them varies with the effective 
temperature and metallicity of the model photosphere. The correction to Tnc pro-
vided on the basis of our model and spectral results will be presented in Section 
4.3.3. 
In summary, the examination of two dominant semi-empirical techniqu s of de-
termining Tel f for M dwarfs based on our theoretical results has shown in detail how 
these techniques have weak and ambiguous physical backgrounds. Although they 
allow indications of the temperature of M dwarfs to be obtained, the derived tem-
perature could have inconsistent physical implications for hot and cool M dwarfs, 
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or none at all for very cool M dwarfs. It is difficult to determine the temperatures 
which have the consistent astrophysical implication for early-type and late-type M 
dwarfs because the whole spectrum of cool M dwarfs lacks the band-absorption-free 
regions. Using the spectral energy distribution over portions of the whole spectrum, 
it is possible to get the physical temperature of certain layers in the photosphere by 
determining the color temperature from Planck curve fits. According to the results 
shown in Fig. 2 and Fig. 3, in the region 0.85µ - 1.0µ, the minima of rkand are always 
smaller than r{0 nt in the photospheric models of Teff down to 2500 K. Thus, it is 
the best region to see the true continuum. Tss of the red continua can easily be cal-
culated for M dwarfs from their observed far-red low-resolution spectra. If the RG 
method is used to determine temperature with photometric data, the L passband 
flux is a better normalizing point than the K band; however, this conclusion could 
be altered if an improved H20 opacity was available in the spectral synthesis. As 
a matter of fact, it does not seem possible to find the same wavelength position >.
0 
where FJ:r(TeJJ) = B>.(TeJJ) in the synthetic spectra of different temperatures and 
metallicities. 
4.3 Quantitative Analyses of Synthetic Spectra 
Broad-band colors were measured for a series of synthetic spectra on the Kron-
Cousins RI system, discussed by Bessell (1986), and on the homogenized JHKLV 
system (Bessell and Brett, 1988). The empirical temperatures Tss and Tna were 
also calculated to explore their relationship with the true Teff· The metallicity 
effects on these measured quantities have been investigated with pa.rticula.r interest. 
It was assumed that the surface gravities of M dwarfs are approximately the same 
so that the gravity effect was not investigated. 
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4.3.1 Tell - color Relations 
Establishing a temperature scale using broad-band color indices is based on the ex-
istence of strong correlations between the determined temperatures and the various 
observed color indices of a large number of M dwarfs. These correlations are ac-
counted for since both the strengths of molecular absorption bands and the continua 
in the spectra of M dwarfs change with temperature following certain physical laws, 
with the former having a much more important role. It is obvious that the correla-
tions are affected by the metallicity of stars mainly because of the strong dependence 
of molecular band strengths on metallicity. In order to discuss the metallicity effect 
on temperature calibrations, in Fig. 4 we form theoretical Tell - color diagrams, 
which are (Te11,R-I), (Te11,I-J), (Te11,J-H), (Te11,H-K), (Te11,I-K), and (Te11,I-L). 
In Fig. 4, the different symbols represent the results of model photospheres with 
different metallicities. The empirical temperature-color relationships (Tell ,R- I) and 
(Te11,I-K), obtained from the near solar abundance stars (old disk population) by 
Bessell (1991 ), are shown as solid curves in the corresponding diagrams. 
Mould's (1976) undertook a similar investigation based on his theoretical spectra 
of Tell ~ 3200 K. He found that I-J was a good temperature index largely indepen-
dent of composition, and that R-I and J-H were markedly abundance-dependent. 
The present study based on our synthetic spectra, however, could come to differ-
ent conclusions due to the inclusion of VO band absorptions and the adoption of a 
laboratory H20 opacity (Ludwig, 1973) in our calculation. 
Not surprisingly, all the colors presen ted in Fig. 4 become redder as T el 1 decreases 
with the exceptions of 1) J -H and 2) H-K and I-K of cool and m ta! deficient models. 
The continual J -H blue-enning of very cool models indicates again the problem in 
the model calculations. The blue-ening of colors involving -K (or the reddening of 
those involving +K) in the cool and metal deficient models shows the strong effect 
of the Hrdipole opacity, which approaches a maximum at the K passband. In the 
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first place, we hoped to find a color which has a ·strong dependence on temperature 
but is little influenced by metallicity at the same time. However, inspection of Fig. 4 
reveals that none of the colors is a pure temperature indicator. On the contrary, it 
is clear that all the Teff-color relations are affected by metallicity. 1-J also varies 
with metallicity because the blanketing of VO has been considered in the spectral 
calculation. 
I-K and R-I, among others, are of particular interest because of the available 
observations. Theoretical predictions agree with observations only in their general 
trend with large discrepancies existing at the red end. The reason for the hotter 
models being too blue in R-1 is the neglect of atomic metal absorption lines in 
the spectral synthesis. The blue theoretical 1-K colors of the coolest models a.re 
attributed to too a low flux in the K passband of the synthetic spectra, very likely 
to be caused by incorrect temperature stratification (see Chapter 3 for deta.iled 
discussions). At a constant temperature, the metal-deficient model photospheres 
are generally bluer and the metal rich ones are generally redder in both colors. At 
temperatures higher than 3250 K, the 1-K colors of the [M / H] = -1, 0 and 0.3 
spectra do not vary much, whereas at lower temperature, i-K is greatly affected 
by metallicity. This means that Teff of a cool metal abnormal M dwarf will be 
over- or under-estimated severely using the empirical calibration. It turns out to be 
necessary to estimate the metallicity of an M dwarf before determining its T ef 1. 
4.3.2 Two-color Relations 
Theoretical two-color diagrams are presented in Fig. 5. (I-K,R-1) is plotted together 
with the observational result (Bessell 1991) shown by the thick solid curve. In 
Fig. 5, each of the solid lines connects colors of spectra having the same metallicity 
but different Teff, and each of the dotted lines connects colors of spectra with the 
same T eff but different metallicities. It is evident that all the two-color relations 
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are affected by metallicity. 
The (I-K,R-I) diagram, among all the two-rolor diagrams, can been seen to be 
the best in showing metallicity effects in cool model photospheres but not in hot 
ones. The I-K color of the [M / H] = -2 models starts to deviate from the track of the 
normal abundance models when Tef J is 3250 K. The effect of a metal deficiency of -
1.0 <lex is not distinguishable until the model is as cool as 2750 K. As the model has a 
very low Tel 1 of 2500 K, the abundance difference of 0.3 <lex can be easily seen in I-K. 
In other words, a metallicity difference causes dispersion of I-Kat the red end of R-1. 
For hotter model photospheres of different metallicities, their I-K and R-1 colors tend 
to lie on the same track. Only those with extremely low metallicities are discernible 
in the (I-K,R-1) diagram. The K-L color, among others, shows a systematic change 
with metallicity in the hot model photospheres by small amounts. In theory, K-L 
is a better color index to separate stellar populations. If accurate photometry in 
the L bandpass can be obtained for M dwarfs, the temperature and metallicity of 
a program star can be decided at the same time according to its position on the 
(K-L,R-1) diagram. However, in practice, the L magnitude is difficult to measure 
precisely for faint stars. 
The theoretical I-K versus R-1 relation agrees reasonably well with observations 
at blue R-1, but the theoretical 1-K turns out to be too small at red R-1 due to the 
K flux in the synthetic spectra being too low. The theoretical (J-H,H-K) diagram 
shows obvious disagreemen t with observations (eg., Fig. 4 in Bessel! , 1991). In 
Chapter 3, the problem of the flux heights at J, H and K has been discussed. 
4.3.3 Black-body Temperature and RG Temperature 
The color temperature Taa obtained by fitting Planck curv s to the red continu a. 
between 0.75µ and 1.0µ was calculated for synthetic spectra with various photo-
spheric parameters. Results are given in column 2 of Table 1 and also plotted versus 
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the true Tef f in Fig. 6a. In Table 1, . :olumn 1 lists the notation of the synthetic 
spectra (Te1J/log g/[M/H]). As expected, TBB is not necessarily equal to Teff· 
Moreover, Fig. 6a shows that while TBB of the hotter models has a wea.k depen-
dence on metallicity, TBB of the cool models is strongly dependent on metallicity 
and deviates significantly from the true Te! J, i.e., TBB is by no means a pure tem-
perature indicator. This is attributed to the contamination of the molecular bands 
in the red continua. For instance, the red continuum in the 2500/5/0.3 spectrum is 
much more contaminated by molecular absorptions than in the 2500/5/-1 spectrum 
so that the former appears steeper than the latter, which leads to a lower TBB for 
the former and a higher TBB for the latter. 
The metallicity effect is also a source of systemic error in the temperatures de-
termined with the RG method. As indicated in section 2.2, it is unlikely that 
for M dwarfs. Since the difference between F2.19µ(Tef f )sur and B2.19µ{Tef f) at a 
constant T e! f varies with metallicity, as shown by our calculations, the correction 
to the temperature values obtained with the RG method are also dependent on 
metallicity. 
The RG method was applied to our synthetic spectra and the resultant Tna's 
are given in column 3 of Table 1. The equation 
[2] 
was used to determine TRG for synthet ic spect ra. The ca.lcul ated Tna has been 
plotted against T ef 1 for the synthetic spectra of different meta. ll ici ties respect ively 
in Fig. 6b , tog ther with the 45° line represented by dots. The fir st. st riking feature 
is that TRG does significantly dev iate from the true T eff· The RC met.hod tends to 
underes timate Tef f for early-type M dwarfs bu t to overestimate Tef 1 for very late 
type M dwarfs. The other f a.tu re is that the TRG values of sp<'ct ra. with the same 
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Teff but different abundances. From the temperature correction point of view, stars 
with an identical TRa but different abundances will have non-identical corrections. 
TRa of the [M/ H] = -2 synthetic spectra have a very different behavior, unlike those 
for the other [ M / H] values. This could imply either the failure of the RG method for 
extremely metal poor stars or entirely incorrect synthetic spectra with the former 
having a much greater likelihood for the following reason. The cool [M/ H] = -2 
model photospheres have such high gas pressures that the pressure induced dipole 
opacity of H2 becomes dominant in the near-IR of the spectra. A peak of the H2 
dipole opacity occurs around the K passband and hence there is a significant flux 
deficiency in K. According to equation [2], a small FK value results in a large TRa, 
which explains the TRa behavior of the [M/H] = -2 spectra. For the [M/H] = 0 
spectra, there is an almost perfect linear relationship between the determined TRa 
and the corresponding Tef f except that the two coolest points slightly deviate. For 
the [M/ H] = -1 and [M/ H] = 0.3 spectra, linear relationships between TRG and Teff 
still exist among those hotter than 3000 K, but TRa of the coolest spectra deviate 
significantly from the relationships. The slopes of these relationships are dependent 
on the metallicity. Unfortunately, the reliability of the obtained relationships could 
be in question because of the problems with our cool models . 
4.3.4 TiO and Call Band Strengths 
The equivalent widths (EWs) of the T iO ..\ 7100 band and ..\8900 band were measured 
in a series of synthetic spectra. These two bands were chosen as being free of overlap 
with other molecular bands. But band overlaps become so serious in late-type M 
dwarfs that it is difficult to determine band edges. The Planck curves fitted to the 
red continua were taken as continuum baselines. For t he cool synthetic spectra, 
the fitted blackbody curves are very different from t he true continua if they were 
able to be decided. The fitted blackbody curves actua lly follo w the depressed quasi-
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Table l T88 and Tnc determined for the synthetic spectra 
Model TBB Tnc Model TBB Tnc 
(TeJJ/log g/[M/ H]) (K) (K) (Te11/log g/[M/Hl) (K) (K) 
3800/5/-2 3650 3900 3000/5/-2 3150 3665 
3800/5/-1 3650 3730 3000/5/-1 3075 3050 
3800/5/0 3700 3520 3000/5/0 2900 2920 
3800/5/0.3 3710 3380 3000/5/0.3 2750 2930 
3500/5/-2 3450 3750 2750/5/-2 3000 3690 
3500/5/-1 3450 3470 2750/5/-1 2800 2900 
3500/5/0 3450 3290 2750/5/0 2500 2760 
3500/5/0.3 3380 3180 2750/5/0.3 2300 2760 
3250/5/-2 3280 3690 2500/5/-2 2775 3755 
3250/5/-1 3260 3250 2500/5/-1 2400 2810 
3250/5/0 3220 3100 2500/5/0 2100 2580 
3250/5/0.3 3100 3050 2500/5/0.3 1850 2560 
continua. As a result, the obtained band EWs do not represent absolute band 
strengths; instead they only provide some kind of quantitative description about 
the band strengths. Nevertheless, the band EWs do carry information about the 
temperature and metallicity of the photospheres. Measuring band EWs is only one 
method of describing the bands quantitatively. 
The EWs of these two TiO bands are plotted versus TeJJ, TBB and R-1 in Fig. 7 
and Fig. 8 respectively. In each of the plots solid lines connects the results of the 
same metallicity and dotted lines connect those of the same Teff· The bands in the 
early-type metal deficient spectra are too weak to be measured and their EWs are not 
presented in the plots. In the cool and metal-normal or rich spectra, the strength 
of the strong >.7100 band is sensitive neither to temperature nor to metallicity, 
mainly because the TiO band is already saturated. The saturation could have been 
exaggerated by the poor determination of the continua. The saturat ion of the strong 
band pr vents one from using the ratio of the two bands as the temperature indicator 
free of metallicity eff cts. When the TiO bands are weak, they are sensitive to and 
correlate well with temperature. This correlation is significantly affected by the 
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metallicity. The plot of EW vs. TBB indicates that the band strengths are more 
sensitive to metallicity than the pseudo-continua so that the strengthening of the 
bands cannot be compensated by the depression of the continua, although the latter 
is also mainly due to TiO absorptions. A better correlation is seen between the band 
EWs and R-I when the bands are weak. The discernible abundance effects on the 
correlation can actually allow one to determine the metallicity and the temperature 
in the (EW,R-I) plane at the same time. In cool and metal rich M dwarfs, the TiO 
>.8900 band, instead of >. 7100 band, should be used in order to avoid the saturation 
problem. 
For the early-type metal-poor or extremely metal-poor synthetic spectra, when 
both of the TiO bands are too weak to be measured, the Call band at 6830,4 
can be used. Although this Call band overlaps with a TiO band, it appears that 
in all the [M/ H] = -2 and the early-type [M/ HJ = -1 spectra, the Call band 
is free of contamination because the TiO band is so weak that it is negligible. 
However, the Call band was also found to saturate very quickly with decreasing 
temperature. Only when Tef f is higher than ,._,3500 K is the measured E\,V sensitive 
to temperature and metallicity. The Fell >.9900 band which will never have the 
problem of saturation but unfortunately is not very useful in practice because it is 
very difficult to obtain reliable observed spectra in the range of 1.0µ. 
4.4 Conclusion 
From the study based on the synthetic spectra, we conclude that, because of the 
strong molecular absorption bands in the spectra, the effects of tem perature and 
metallicity on the spectra cannot be separated. Temperature calibration systems 
are unavoidably influenced by the metallicity and can only be establi shed based 
on satisfactory photospheric models. It is necessary to decide T eff ;ind [l\f/H] 
simultaneous ly for M dwarfs. Detai ls are as follows. 
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• The spectra of M dwarfs cannot be described by Planck curves. The tempera-
ture approximated by fitting a Planck curve to the spectrum has an ambiguous 
implication; it refers neither to the effective temperature nor to the physical 
temperature of a certain depth in the photosphere. 
• The temperature determined using the method of Reid and Gilmore (Tnc) for 
M dwarfs is by no means the effective temperature because of Fkur(Te11) -=/ 
B2.1gµ{Te1 l) in general cases. The calibration of Tnc is affected by the metal-
licity and can only be properly performed based on theoretical model results. 
• The color temperature TBB representing the temperature of a uniform layer 
in the stellar photosphere can be obtained by fitting a Planck curve to the red 
continua. The calibration of the color temperature to the effective temperature 
turns out to be quite complex. If the M dwarf is an early-type (Tell ~ 3250 
K), TBB is little affected by the metallicity and is not far from the value of 
Tell. If the M dwarf is very cool, the metallici ty shows a strong effect in the 
determined TBB· Under this circumstance, synthetic spectra again become 
essential in the calibration. 
• None of the color indices is a pure temperature indicator. It does not appear 
possible to eliminate metallicity effects using a combination of any two colors. 
The effects of Tell and [ M / HJ on the spectra could ideally be separated on the 
(K-L,1-K) diagram if it were not difficult to obtain L magnitudes. Fortunately, 
their effects can easily be separated using the EWs of the TiO >.7100 and 
>.8900 bands in combination with the R-I color. The absolute values of Tell 
and [M/ HJ of M dwarfs can only be obtained on the basis of the theoretical 
band EW vs. R-1 diagram obtained from synthetic spectra. 
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Figure and Table Captions -
Fig. 1 Each of the 3800/5/-2, 3500/5/-2, 3250/5/-2, 3000/5/-2, 2750/5/-2 and 
2500/5/-2 synthetic spectra is compared with the Planck curve of the corre-
sponding Teff· 
Fig. 2 Monochromatic continuous optical depths Tfnt ( dash lines), band opti-
cal depths Tkand ( dotted lines) and total optical depths Tfnt+band ( solid line) at 
log(T1.2µ) = -2.2, log(Ti.2µ) = -1.0 and log(T1.2µ) = 0.0 in the 3500/5/0 model 
photosphere. 
Fig. 3 Monochromatic continuous optical depths Tfnt ( dash lines), band opti-
cal depths Tkand ( dotted lines) and total optical depth Tfnt+band ( solid lines) at 
log(T1.2µ) = -2.2, log(T1.2µ) = -1.0 and log(T1.2µ) = 0.0 in the 3000/5/0 model 
photosphere. 
Fig. 4 Theoretical Tef 1-color diagrams obtained for the synthetic spectra: 
3800 /5/ (0.3,0,-1,-2), 3500 /5/ (0.3,0,-1,-2), 3250 /5/ (0.3,0,-1,-2), 
3000/5/(0.3,0,-1,-2), 2750/5/ (0.3,0,-1,-2), and 2500/5/(0.3,0,-1,-2). 
Symbol: o- [M/ H]=0.3; D-[M/ H]=O; !:::.-[M/ H]=-1; +-[M/ H]=-2 
Fig. 5 Theoretical two-color diagrams obtained for the synthetic spectra: 
3800 /5/ (0.3,0,-1,-2), 3500 /5/ (0.3,0,-1,-2), 3250 /5/ (0.3,0,-1,-2), 
3000 /5/ (0.3,0,-1,-2), 2750 /5/ (0.3,0,-1,-2), and 2500 /5/ (0.3,0,-1,-2). 
The keys are those of Fig. 4. 
Fig. 6 a) Relation between BB temperatures ( determined by fitting Planck curves 
to the red continua) and effective temperatures; b) relation between RG temper-
atures ( determined using Reid and Gilmore's method) and effective temperatures 
of the synthetic spectra: 
3800 /5/ (0.3,0,-1,-2), 3500 /5/ (0.3,0,-1,-2), 3250 /5/ (0.3,0,-1,-2), 
3000 /5/ (0.3,0,-1,-2), 2750 /5/ (0.3,0,-1,-2), 2500 /5/ (0.3,0,-1,-2). 
The keys are those of Fig. 4. 
Fig. 7 Relations of the TiO A7100 band EW versus TefJ, versus TBB and versus 
R-I respectively, obtained from the synthetic spectra: 
3800 /5/ (0.3,0,-1 ), 3500 /5/ (0.3,0,-1 ), 3250 /5/ (0.3,0,-1,-2), 
3000 /5/ (0.3,0,-1,-2), 2750 /5/ (0.3,0,-1,-2), 2500 /5/ (0.3 ,0,-1,-2). 
The keys are those of Fig. 4. 
Fig. 8 Relations of the TiO A8900 band EW versus Teff , versus TBB and versus 
R-I respectively, obtained from the synthetic spectra: 
3500 /5 / (o.3,o), 3250 /5 / (0.3,o), 3000 /5/ (o.3,0,-1 ), 
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2750 /5/ (0.3,0,-1 ), 2500 /5/ (0.3,0,-1,-2). 
The keys are those of Fig. 4. 
Table 1 Temperatures determined from BB fits and RG method for a series of 
synthetic spectra. 
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Chapter 5 
Abundance Analyses of M Dwarfs Using W1DTH6 
The quantitative analysis of atomic spectral lines is a very useful tool which en-
ables us to study the chemical composition of stars. It has been extensively applied 
in obtaining the chemical composition for a large number of early-type stars. With 
the measured line equivalent widths (EWs) and an appropriate model atmosphere, 
the abundance from an individual line of an element in the stellar atmosphere can 
be determined. A well known program WIDTH6 (Kurucz 1969) based on this tech-
nique has been widely used in abundance analyses for early and intermediate type 
stars, and has become standard. For late-type stars, it is well known that such an 
analysis becomes rather difficult because of the problems associated with the ac-
curate measurement of equivalent widths for individual spectral lines ( e.g. Fujita 
1970, Gustafsson 1989). The problems are mainly caused by molecular absorption 
bands, which introduce uncertainty in the determined continuum, and the intrinsic 
blends of lines. For the hotter M stars, these problems can be overcome by choosing 
lines free of blending and wavelength ranges free of molecular line absorptions. For 
metal deficient stars, the problems will be even less serious. 
Provided that the measured equivalent widths of lines in the spectra of early-
type M stars are accurate enough to be used in the quantitative analysis of their 
compositions, there seems no obvious problem in extending the method of W1DTH6 
to these cool stars. However, our recent abundance analysis for early-type M dwarfs 
using WIDTH6 showed that the analysi.s method in the program is not efficient for 
M dwarfs, even failing on some occasions. The basic reason is that the ionization 
and chemical equilibrium states of the material in cool stellar atmospheres are very 
different from those in their hot counterparts. This chapter critically examines 
the method of abundance analysis in W1DTH6 for the physical conditions in the 
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photosphere of M dwarfs. Related issues discussed are the uncertainty associated 
with the van der Waals constant C6 and the use of strong neutral atomic lines to 
analyze element abundance. 
Discussion of the method in WIDTH6 and its application to abundance analysis 
for hot and cool stars is presented in section 6.1, followed by a discussion on the 
treatment of C6 in WIDTH6 in section 6.2. In section 6.3, the method of extracting 
abundance information from the profiles of some extremely strong lines in the spectra 
of late M dwarfs is shown to be insecure. It will be shown that molecular absorption 
bands not only contaminate the continuum but alter the appearances of the line 
profiles. Finally, section 6.4 summarizes the analysis results and concludes that the 
methods of analyzing abundances based on atomic lines are inefficient for M dwarfs. 
5.1 WIDTH6 and Its Problem with Cool Stars 
5.1.1 WIDTH6 Methodology 
In addition to the measured line EWs, a model atmosphere, a set of abundances and 
spectral line parameters, such as gf-values and the upper and lower energy levels 
of the transition, are also required as input by WIDTH6. Microturbulent velocity 
e and van der Waals broadening can be included optionally in the input . Natural 
broadening is taken into account in the classical approximation. Up to 15 prominent 
molecular species are considered in the state equation. In this study, the atmospheric 
structures for early M dwarfs were drawn from theoretical line-blanketed (including 
molecular band blanketed) model atmospheres discussed in Chapter 3 and those 
with Teff 2 4000 K were from Bell (1976). The adopted solar abundance was from 
Cameron (1982). In the calculation of line theoretical EWs, the g / -values were from 
the theoretical result of Kurucz and Peytremann (1975). ( was arbitrarily ta.ken as 
zero, which is reasonable since the present study is a purely theor tical approach. 
The calculated spectra with different resolutions for the same absorption line were 
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not found to give significantly different results for the EWs. 
To derive the abundance of an element, W1DTH6 first calculates the abundance 
for each of the spectral lines of the element and then averages these calculated values 
to determine the average abundance. This method of estimating the abundance 
values from individual lines needs to be examined when it is applied to M dwarfs. 
In order to estimate the element abundance value from an absorption line based 
on its measured equivalent width, W1DTH6 establishes a curve of growth for the 
absorption line by varying the abundance of the element. The abundance value 
associated with the measured EW of the line can then be obtained by performing 
interpolation based on this curve of growth. For a given initial abundance input 
[M / H] and the associated model atmosphere, W1DTH6 solves the state equilibrium 
equation only once. Using the solution of the equation of state, the continuous 
opacity is calculated. In the establishment of the curve of growth for the line, 
the EW of the line at any of the chosen abundances is calculated by constantly 
using the same continuous opacity as that obtained for the input [M / H] and model 
atmosphere. The applied line opacity is estimated by means of scaling the line 
opacity calculated for the initial abundance of the element by the ratio between the 
current and the initial abundance. 
There are two assumptions underlying the treatment in WIDTH6 described 
above. The first assumption is that the abundance change of the element concerned 
does not affect the continuous opacity and therefore the structure of the atmosphere 
remains unaffected. This implies that the abundances of the species that dominate 
the continuous opacity are not affected. For stars in the temperature range of in-
terest (Tef f < 4000 K), the continuous opacity is dominated by the free-free and 
bound-free transitions of H - and hence determined by the number of H- ions, which 
is closely associated with the number of free electrons. In this case, the assumption 
requires the element concerned not to be an important free electron source and also 
105 
requires its abundance to be irrelevant to those of the elements which are the main 
free electron contributors. As a natural consequence of the first assumption, the 
continuous flux is not affected by the abundance change of the element. The sec-
ond assumption is that the number density of a species is directly proportional to 
its corresponding element abundance when the remaining elements do not change 
their abundances. If either of the assumptions are violated, the constructed curve 
of growth cannot be accurate. 
5.1.2 Analysis for Early-type Stars 
In the atmosphere of a relatively hot star such as the Sun, the second assumption 
is very secure for any element because the formation of molecules is negligible, i.e. 
all the elements are essentially in their atomic form. Therefore the number density 
of a species is linear with the abundance of the relevant element. But the first 
assumption is not so secure in the solar atmosphere. Table 1 presents how the 
different elements contribute electrons in the 5800/4.4/0 (Teff /log g/[M / HJ) model 
atmosphere. As shown in the table, in the optically thick region of the atmosphere, 
where the continuous flux forms, neutral atomic hydrogen is still a more important 
free electron source than the other metallic elements. Only in the upper layers , 
some metals, such as Mg, Si and Fe, become comparably important contributors 
of free electrons. It can be expected that the abundance variation of the three 
elements will slightly affect the electron number density directly and indirectly, i.e. 
by means of influencing the ionization state of hydrogen. As a result, the model 
atmospheres with different [M / HJ will show some different structures and therefore 
the curve of growth calculated with different input [M / HJ and its corresponding 
model atmosphere should vary. However, the difference can be expected to be small 
because atomic hydrogen still plays an important role in the ionization state of the 
stellar material. 
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Table 1 . Electron Contributions in the Solar Model Atmosphe re 
TEFF=5800K LOGg=4.4 [M/H)=O.O LTE ) 
Layer Electron Contributions of the Following Elernents(*lOO %) 
H HE C NA MG AL SI K CA FE 
1 0.006 0.000 0.002 0.021 0.369 0.030 0.248 0.001 0 . 022 0.300 
2 0.008 0.000 0.002 0.022 0.370 0.030 0.244 0.001 0.023 0.300 
3 0.008 - 0.000 0.002 0.022 0.371 0.031 0.242 0.001 0.023 0.300 
4 0 . 009 0.000 0.002 0.022 0.373 0.031 0.238 0.001 0.023 0.301 
5 0 . 009 0.000 0.002 0.022 0.375 0.031 0 . 234 0.001 0 . 023 0.301 
6 0 . 010 0.000 0.002 0.022 0.377 0.031 0.231 0.001 0 . 023 0.302 
7 0 . 011 0 . 000 0 . 002 0.022 0 .377 0.031 0.229 0.001 0.023 0 . 302 
8 0 . 012 0.000 0.002 0.022 0.378 0.031 0.227 0.001 0.024 0.302 
9 0.014 0.000 0.003 0.023 0.378 0.031 0.225 0.001 0 . 024 0.301 
10 0.015 0.000 0.003 0.023 0.378 0.032 0.224 0.001 0 . 024 0.301 
11 0.017 0.000 0.003 0.023 0.378 0.032 0.221 0.001 0.024 0.301 
12 0.019 0.000 0.003 0. 023 0.379 0.032 0.218 0.001 0.024 0 . 300 
13 0.020 0.000 0.003 0.023 0.380 0.032 0.215 0.001 0.024 0.300 
14 0.023 0.000 0.003 0 . 023 0.381 0.032 0.213 0.001 0.024 0.300 
15 0 . 026 0.000 0.004 0.023 0.379 0.032 0.213 0.001 0 . 024 0.298 
16 0 . 034 0.000 0.004 0 . 023 0.374 0.031 0.215 0.001 0.024 0.296 
17 0 . 047 0 . 000 0 . 005 0.022 0.363 0.030 0.219 0.001 0.023 0.290 
18 0.076 0.000 0.007 0.020 0.345 0 . 028 0.223 0.001 0.021 0.278 
19 0.138 0.000 0 .011 0.018 0 .311 0.025 0.221 0.001 0 . 019 0.255 
20 0 . 190 0 . 000 0.014 0.017 0.288 0.023 0 . 213 0.001 0.018 0.237 
21 0. 2 65 0.000 0.017 0.015 0.256 0 . 021 0.197 0.001 0.016 0 .2 12 
22 0.3 61 0.000 0.021 0.013 0.218 0.018 0.174 0 . 001 0.013 0. 1 82 
23 0.475 0.000 0.024 0.010 0.176 0.014 0.144 0.001 0.011 0 . 147 
24 0 . 59 2 0.000 0.026 0.008 0.133 0.011 0 . 111 0.000 0.008 0 .111 
25 0.701 0 . 000 0.026 0.005 0 . 094 0 . 008 0.081 0.000 0.006 0 . 079 
26 0.791 0.000 0.025 0.004 0.063 0.005 0 . 055 0.000 0 . 004 0.053 
27 0.860 0 . 000 0 . 023 0.002 0.040 0.003 0.035 0.000 0.002 0 . 034 
2 8 0.910 0 . 000 0.020 0.001 0.024 0.002 0.021 0.000 0.001 0.02 0 
2 9 0 . 941 0.000 0 . 016 0.001 0 , 014 0.001 0.013 0.000 0.001 0 . 01 2 
3 0 0 . 95 8 0.000 0 . 014 0 . 001 0 . 009 0 . 001 0.009 0 . 000 0.001 0. 0 08 
31 0.9 68 · 0. 000 0 . 01 2 0 . 000 0 . 007 0.001 0.006 0 . 000 0.000 0.006 
32 0 . 974 0.000 0 .011 0 . 000 0 . 00 5 0.000 0.005 0 . 00 0 0.000 0 . 004 
33 0 .9 78 0 .000 0 . 010 0.000 0.004 0 . 000 0 . 004 0.000 0.000 0.00 3 
34 0 . 98 1 0 .000 0 . 00 9 0.000 0.00 3 0 . 000 0.00 3 0.000 0.000 0.003 
35 0.983 0.000 0.0 08 0. 000 0.0 03 0 . 000 0 . 003 0.00 0 0.000 0.00 2 
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5.1.3 Analysis for Cool Stars 
The situation in M dwarfs of Tel J below 4000 K become rather different and complex. 
The first assumption is unlikely to be valid for most of the elements. In these 
cool model atmospheres, those easily ionized metal elements, such as Na, Ca, Al, 
J( and so on, become the absolute free electron contributors whereas hydrogen 
remains in the form of the neutral atom or molecule. Table 2, 3 and 4 show the 
electron contributions in the model atmospheres of 4000/5/0, 3500/5/0 and 3500/5/-
1 respectively. The ionization state of the stellar material is directly affected by the 
abundance change of those electron sources, and as a result the structure of the 
stellar atmosphere will be affected via the variation of the opacity of H-, which 
in turn will change the state equilibrium. Consequently, the first assumption in 
WIDTH6 will be violated if the element under analysis is one of the main electron 
contributors or if its abundance is strongly associated with that of one of the main 
electron contributors. As far as the second assumption is concerned, if the element 
concerned is an important electron contributor or is involved in the formation of 
molecules, its atomic species are determined not only by its relevant abundance but 
also by the ionization state or the chemical equilibrium of the stellar material. As a 
result, the number densities of its atomic species are not simply linear with respect 
to the abundance of the relevant element any more, that is, the second assumption 
becomes invalid. 
It should be pointed out that the results in Table 2,3 and 4 were obtained without 
considering molecules in the state equation, but rather using the line-blanketed 
model atmosphere. However, this inconsistency and the inaccurate numbers should 
not prevent us from seeing the basic idea of how the different elements contribute 
electrons in low temperature atmospheres. The similar calculation shows that the 
ionization state of stellar material is sensitive to the temperature. For instance, in 
the 2700/5/0 model atmosphere I< is the main electron contributor in the surface 
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Table 2. Electron Contributions in the Model Atmosphere of 
TEFF=4500K LOGg=5 [M/H] = O.O LTE 
Layer Electron Contributions of the Following Eleme nts (*lOO %) 
H HE C NA MG AL SI K CA FE 
1 0.000 0.000 0.000 0.393 0.064 0.175 0 . 003 0.024 0.322 0.018 
2 0.000 0.000 0.000 0.288 0.159 0.208 0.008 0.017 0 .271 0.049 
3 0.000 0.000 0.000 0.270 0.184 0.206 0.010 0 . 016 0.257 0.058 
4 0.000 0.000 0.000 0.253 0.208 0 . 202 0.012 0.015 0.244 0.067 
5 0.000 0.000 0.000 0.241 0.227 0.198 0.013 0.014 0.233 0.074 
6 0 . 000 0.000 0.000 0.232 0.241 0.193 0.014 0 . 014 0 .226 0.080 
7 0.000 0 . 000 0.000 0.226 0.252 0.189 0 . 015 0 . 013 0.220 0.085 
8 0 . 000 0.000 0.000 0.221 0 . 262 0.185 0 . 016 0.013 0.215 0.089 
9 0.000 0 . 000 0.000 0.216 0.270 0.181 0.017 0 . 013 0 .211 0.093 
10 0.000 0.000 0.000 0 . 214 0.275 0.177 0.018 0 . 013 0.208 0.095 
11 0 . 000 0 . 000 0.000 0 . 213 0.279 0.174 0.018 0 . 013 0.207 0.097 
12 0 . 000 0 . 000 0.000 0.212 0 . 281 0 . 171 0.018 0.013 0 . 206 0 . 099 
13 0.0 0 0 0.000 0.000 0 . 212 0.284 0.167 0 . 019 0.013 0.205 0.100 
14 0.000 0.000 0.000 0.209 0.289 0.164 0 . 020 0.013 0. 2 02 0 . 103 
15 0.000 0.000 0.000 0.203 0.299 0 . 159 0.021 0 . 012 0.197 0.108 
16 0.000 0.000 0.000 0.193 0.316 0 . 154 0.023 0.012 0.188 0 .116 
17 0.000 0.000 0.000 0.175 0.34 3 0.145 0 . 02 6 0 . 010 0.171 0.129 
18 0.000 0 . 000 0.000 0.148 0.383 0 . 132 0 . 031 0.009 0.147 0.150 
19 0 . 000 0.000 0.000 0.121 0.423 0 . 116 0.038 0.007 0.121 0.175 
2 0 0 . 000 0.000 0.000 0.107 0.441 0 .1 07 0 . 04 2 0.006 0 . 108 0. 188 
2 1 0 . 001 0 . 000 0 . 000 0 . 094 0.4 58 0 . 0 97 0.047 0 . 006 0.095 0.203 
22 0. 0 0 1 0.000 0 . 000 0.081 0 . 472 0 . 087 0 . 053 0 . 005 0 .08 3 0. 2 19 
23 0 . 001 0.000 0.000 0.069 0 . 48 1 0.077 0 . 0 61 0 . 004 0 .071 0 . 236 
2 4 0. 00 2 0.000 0.000 0.058 0.48 4 0 . 0 68 0 .0 71 0. 003 0.0 60 0. 2 54 
25 0 .0 05 0.000 0 . 001 0.04 8 0.4 80 0. 058 0. 08 4 0 .0 03 0. 0 50 0 . 272 
2 6 0.009 0.000 0.001 0.040 0 . 46 6 0 .050 0.1 03 0 . 00 2 0 .0 42 0 .28 7 
2 7 0. 01 9 0 . 000 0.00 2 0 . 033 0. 443 0.04 3 0 . 12 7 0 .0 02 0 . 035 0 .2 97 
2 8 0 .0 43 0.0 00 0. 0 03 0 .028 0.40 9 0. 037 0 . 155 0.0 02 0. 029 0. 2 95 
29 0 . 100 0 .0 00 0 . 006 0 .023 0.362 0. 031 0.177 0 . 00 1 0. 02 4 0. 27 6 
3 0 0.214 0.000 0 .0 11 0.018 0 . 298 0.025 0 . 178 0.001 0. 019 0 .236 
3 1 0 . 376 0.000 0.016 0.013 0.226 0.018 0.153 0 . 001 0.0 1 4 0 . 183 
32 0.529 0.000 0.0 1 9 0.010 0 . 164 0.0 13 0.120 0.001 0.010 0.135 
33 0.647 0.000 0 . 020 0.007 0.120 0.010 0.091 0.000 0.007 0.099 
34 0.730 0.000 0 . 020 0.005 0.089 0.007 0.069 0.000 0.005 0 . 074 
35 0.789 0.000 0.019 0.004 0.068 0.005 0 . 054 0.000 0 . 004 0.056 
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Table 3. Electron Contributions in the Model Atmosphere of 
TEFF=3500K LOGg=5 [M/H]=0.0 LTE 
Layer Electron Contributions of the Following Elements(*lOO %) 
H HE C NA MG AL SI K CA FE 
1 0.000 0.000 0.000 0.639 0.009 0.066 0.000 0.043 0.240 0.002 
2 0.000 0.000 0.000 0 . 648 0.009 0.062 0.000 0.044 0.234 0.002 
3 0.000 0.000 0.000 0.641 0.012 0.062 0.000 0.044 0.237 0.003 
4 0.000 0.000 0.000 0.623 0.015 0.065 0.001 0.043 0.248 0.004 
5 0.000 0.000 0.000 0.610 0.018 0.067 0.001 0.042 0.256 0.005 
6 0.000 0.000 0.000 0.596 0.022 0.071 0.001 0.041 0.264 0.006 
7 0.000 0.000 0.000 0.589 0.023 0.072 0.001 0.041 0 .267 0.007 
8 0 . 000 0.000 0.000 0.581 0.025 0.074 0.001 0.040 0.271 0.007 
9 0.000 0.000 0.000 0.574 0.027 0.076 0.001 0.040 0.275 0.008 
10 0.000 0.000 0 . 000 0.567 0.029 0.077 0.001 0.039 0.278 0.009 
11 0.000 0 . 000 0.000 0.558 0.032 0.080 0.002 0.038 0.282 0.010 
12 0 . 000 0.000 0.000 0.549 0.035 0.082 0.002 0.037 0.285 0 .011 
13 0.000 0.000 0.000 0.538 0.038 0.085 0.002 0.036 0.290 0.012 
14 0.000 0.000 0.000 0 . 528 0.042 0.087 0.002 0.036 0.293 0.013 
15 0.000 0.000 0.000 0.517 0.046 0.090 0.002 0.035 0.296 0.014 
1 6 0 . 000 0.000 0 . 000 0.505 0 . 051 0.093 0.003 0.034 0.299 0.016 
17 0 . 000 0.000 0.000 0.493 0.056 0.096 0.003 0.033 0.302 0.018 
18 0.000 0.000 0.000 0.481 0.062 0.099 0.003 0.032 0.304 0.020 
19 0.000 0.000 0.000 0 . 472 0 . 066 0 . 101 0 . 004 0 . 031 0 . 305 0.021 
2 0 0 . 000 0 . 000 0 . 000 0.465 0.069 0.103 0 . 004 0.031 0.305 0.022 
2 1 0 . 000 0.000 0 . 000 0.455 0.075 0.106 0.004 0.030 0.306 0.024 
22 0. 000 0 . 000 0 . 000 0.446 0.080 0 . 108 0.005 0.029 0 . 306 0.026 
23 0 . 000 0 . 000 0 . 000 0.439 0 . 084 0.110 0.005 0.029 0.306 0.028 
24 0.000 0 . 000 0.000 0.430 0.089 0 .113 0.005 0.028 0.306 0.0 3 0 
25 0 . 00 0 0.000 0 .00 0 0 .4 23 0.094 0 .114 0.006 0.027 0.305 0.031 
26 0 . 000 0 .000 0.000 0 . 416 0.099 0 .116 0.006 .0.027 0.304 0.033 
27 0.000 0 . 000 0 .000 0 .406 0.105 0.118 0.006 0.026 0.302 0.035 
28 0.00 0 0.0 00 0 .0 00 0 . 399 0.111 0.120 0 . 007 0.026 0.301 0.037 
29 0 .00 0 0 . 000 0.00 0 0.379 0.12 6 0.124 0.008 0 . 024 0.296 0 . 043 
30 0 . 000 0.00 0 0 . 00 0 0.35 9 0.143 0.128 0.009 0.023 0. 2 89 0.050 
31 0. 000 0.000 0.0 00 0.3 40 0.160 0.1 31 0 . 011 0 . 02 1 0. 2 81 0.05 6 
32 0.000 0 . 000 0 . 000 0.32 1 0.17 9 0.1 33 0.012 0 . 02 0 0 .272 0.06 3 
33 0.000 0.000 0 . 000 0.302 0. 198 0. 13 4 0 .014 0.019 0. 2 61 0.071 
34 0 . 000 0.000 0.000 0.284 0.219 0 . 1 35 0. 016 0.01 8 0 .250 0.079 
35 0.000 0.000 0.000 0.265 0 . 2 40 0 . 135 0.017 0 . 01 6 0. 238 0.0 88 
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Table 4, Electron Contributions in the Model Atmosphere of 
TEFF=3 500K LOGg=5 [M/H] =-1. 0 LTE 
Layer Electron Contributions of the Following Elements{*lOO %) 
H HE C NA MG AL SI K CA FE 
1 0.000 0.000 0.000 0.450 0.024 0.160 0.001 0.027 0.331 0.006 
2 0.000 0.000 0.000 0.535 0.016 0.107 0.001 0.033 0.303 0.004 
3 0.000 0.000 0.000 0.566 0.014 0.093 0.001 0.036 0.288 0.004 
4 0.000 0.000 0.000 0.611 0.012 0.073 0. 000 - 0.040 0.259 0.003 
5 0.000 0.000 0.000 0 .611 0.014 0.071 0.001 0.041 0 .258 0.004 
6 0.000 0.000 0.000 0.593 0.018 0.075 0.001 0.040 0.268 0.005 
7 0.000 0.000 0.000 0.580 0.021 0.079 0.001 0 . 039 0.275 0.006 
8 0.000 0.000 0.000 0.572 0.023 0.081 0.001 0.038 0.279 0.006 
9 0.000 0.000 0.000 0.565 0.024 0.083 0.001 0.038 0.283 0 .0 07 
10 0.000 0.000 0.000 0.558 0.026 0.084 0.001 0.037 0.286 0.008 
11 0.000 0.000 0.000 0.550 0.028 0.086 0.001 0 .037 0.289 0.008 
12 0.000 0.000 0 .0 00 0.540 0.031 0.090 0.001 0.036 0.293 0.009 
13 0.000 0.000 0.000 0.530 0.034 0.092 0 . 002 0.035 0.297 0.010 
14 0.000 0.000 0.000 0 . 521 0.037 0.095 0.002 0.034 0 .30 0 0. 011 
15 0.000 0.000 0 . 000 0.508 0 . 042 0.099 0.002 0.033 0.304 0.013 
16 0.000 0.000 0.000 0 .496 0.046 0.103 0.002 0.032 0.307 0.014 
17 0 . 000 0.000 0.000 0.482 0.052 0. 1 07 0.003 0.031 0.309 0.016 
18 0.000 0.000 0.000 0.472 0.057 0 .110 0.003 0 .030 0.311 0.018 
19 0.000 0.000 0.000 0.457 0.064 0.115 0.003 0.029 0.312 0.020 
20 0 .00 0 0.000 0.000 0 .448 0.069 0 .117 0.004 0.029 0.312 0.022 
21 0.000 0.000 0.000 0.439 0.073 0.120 0 .004 0.028 0.312 0.023 
22 0.000 0.000 0.000 0.431 0.078 0.123 0.004 0.027 0.312 0.025 
23 0.000 0.000 0 .0 00 0 .422 0.084 0 . 126 0.005 0.027 0. 311 0.027 
24 0.000 0.000 0.000 0.414 0.089 0.128 0.005 0.026 0.310 0.029 
25 0.000 0 . 000 0.000 0.406 0.095 0.130 0 . 005 0.026 0.308 0 . 031 
26 0.000 0.000 0.000 0.397 0.101 0.133 0.006 0.025 0.307 0.033 
27 0.000 0.000 0.000 0.389 0.106 0.135 0.006 0.024 0.305 0.035 
28 0.000 0.000 0.000 0.380 0 .113 0.137 0.007 0.024 0.302 0 . 037 
29 0.000 0.000 0.000 0.373 0 .119 0.139 0.007 0.023 0.300 0.040 
30 0.000 0.000 0.000 0.356 0.134 0.142 0.008 0 .022 0. 293 0.045 
31 0.000 0.000 0.000 0.341 0.148 0.145 0 . 009 0.0 21 0.287 0.050 
32 0.000 0.000 0.000 0.325 0.163 0.147 0.010 0.0 20 0.279 0.056 
33 0 .0 00 0.000 0.000 0 . 310 0 .179 0.148 0.012 0.019 0.270 0.062 
34 0.000 0.000 0.000 0.296 0.194 0.149 0.013 0.018 0.262 0.068 
35 0.000 0.000 0.000 0.281 0.212 0.149 0.014 0.017 0.25 2 0.075 
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layers as is Na in the deeper layers. 
In the following, the two assumptions are examined in the TeJ J = 3500 K model 
atmospheres for Na, 1(, V, Ti and Fe, the observable elements in our spectral 
data of cool dwarfs. Since different elements are involved to different extents in 
the formation of molecules under the same physical condition, the validity of the 
assumptions varies from element to element. 
As seen in Table 3 and 4, in the model atmospheres of 3500/5/0 and 3500/5/-1, 
Na is a far more important electron contributor than the other elements. Ca is 
the next most important. Any abundance change of Na will affect the continuous 
opacity and hence affect the model atmosphere. The curve of growth calculated 
with the method of WIDTH6 for Na is therefore incorrect because of the failure of 
both assumptions. For a given abundance of Na, its correct theoretical equivalent 
width can only be achieved by adopting the set of abundances containing the given 
abundance value of Na and the corresponding model atmosphere. As for the ele-
ments!(, V, Ti and Fe, because electron contributions from them are negligible, 
any changes to their abundances do not affect the continuous opacity and the model 
atmosphere directly. If we assume that their abundances are irrelevant to that of 
Na, the first assumption is valid for them. However, if the abundances of these 
elements are related to that of Na, as is usual in most stars, their theoretical line 
equivalent widths for the given abundances should be calculated using the appropri-
ate model atmosphere along with the corresponding solution of the state equation, 
which accounts for the ffect of the abundance change of Na with their abundance 
change. But if it is unknown how the abundance of Na is related to the olh rs, Lhe 
choice of the mode\ , atmosphcr will be unc rtain, consequent ly, it would becom 
very difficult to det rrnine the abundances of these elements. Wheeler L a l (19S9) 
reviewed the results on the abundance ratios as a function of melallicity in Lhe fi Id 
and dust r stars. SLudi have shown Lhat in the element group (11 ~ Z ~ 22) 
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each of the even-Z elements has a well-defined increase in the ratio [a/ Fe] as the 
metallicity [Fe/ HJ decreases. Among the odd-Z elements, [Na/ Fe] ~ 0 was found 
in stars of all metallicities with a frustratingly large star-to-star scatter in this ratio 
(Lambert 1988) and [Al/ Fe] was found to have a substantially decreasing trend with 
decreasing [Fe/ HJ. 
Because elements I{, V and Fe are not important electron sources and most 
of them are in their atomic form in the model atmosphere of 3500 K, the second 
assumption is still valid for them. However, in the case of Ti , it becomes invalid 
because of the formation of a large number of TiO molecules. 
5.1.4 Calculation Results and Discussion 
The results of the curve of growth for three Fe! lines obtained using WIDTI-I6 
in the model atmospheres of different effective temperature a.nd different chemical 
composition but with the same gravity (log g = 4.4 for Teff = 5800 I<; log g = 5 for 
Teff = 4500 K, 3800 Kand 3500 K) are presented in Fig. 1, Fig. 2 and Fig. 3. These 
three Fe! lines have wavelengths of 8046.0 A, 8047.6 A and 8331.9 .A respectively. 
In each of the figures, frames a, b, c and d present the results obtained in the model 
atmospheres of Te! f = 5800 K, 4500 K, 3800 K and 3500 K respectively. In each 
frame, the different type non-solid curves indicate the curves of growth obtained 
in model atmospheres of different abundances but the same T eff (see the legend of 
Fig. 1 for the key of the curves ) . 
The results in the a frames of Fig. 1 - 3 show th at in atmospheres as hot as the 
Sun, the curves of growth calculated in the model at mospheres of different. [1\1/ HJ's 
are nearly, although not exactly, on top of each other, whi ch is consistent with 
the expectation in section 6.1.2. This implies that the assumptions underlying the 
treatment in WIDTI-I6 are valid in hot stellar atmospheres and WIDTJI6 can be 
safely employed to do abundance analysis in this circumstance. However, as the 
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effective temperature decreases, the separation between any two adjacent curves of 
growth, calculated with [M/ H] being different by 0.5, dramatically increases, as 
shown in the b, c and d frames in Fig. 1, 2 and 3. According to the analysis in 
section 6.1.3, this indicates the invalidity of the assumptions underlying WIDTH6. 
As mentioned in section 6.1.3, if it is unknown how the abundance of the element 
under analysis is related to the abundances of the rest of the metallic elements, 
especially those of electron contributors, it is impossible to decide which is the correct 
curve of growth among those presented by the non-solid curves. Consequently, 
uncertainty will exist in the estimated abundance for the element according to the 
EW by WIDTH6. Such introduced error will become larger as the temperature of 
the star concerned becomes lower. However, in our case because Na happens to be 
the most important electron contributor, we can assume that its abundance alters 
consistently with the iron abundance according to the results discussed in section 
6.1.3. Therefore it is possible to determine the correct curve of growth, and this 
correct curve of growth is the one represented by the solid curve in each frame of 
the figures. This is more valid when the element of interest itself is an important 
electron source. The discussion in the following is based on the hypothesis that the 
abundances of the metallic elements change uniformly in stars. 
In the hotter model atmospheres of Teff = 5800 K, Teff = 4500 K, and Te// 
= 3800 K, the correct curves of growth all show the relationship that EW is pro-
portional to the abundance although the slope of the proportionality decreases with 
temperature, as shown in frame a, b and c of the figures. However, in the cooler 
model atmosphere of Tel J = 3500 K, as illustrated in the d frames , this is only true 
for weak lines, such as Fe! A8046.9 and Fe! A833l.9 which have EWs of about 
50mA. In the case where the correct curve of growth follows the above relationship , 
for an individual line it is still possible to obtain the correct abundance estimate 
associated with its EW by using WIDTH6, provided it is used properly. In order to 
117 
I, 
11 
1, 
1, 
11 
determine the abundance associated with the-EW of an individual line, the correct 
approach can be gathered by examining Fig. 3d and is described as follows: 
One runs W1DTH6 for the individual line with a somewhat arbitrar-
ily chosen value as the abundance input and its associated atmosphere 
model. According to the EW, W1DTH6 derives an abundance estimate 
which is closer to the true abundance value than the initial input. Then 
one runs W1DTH6 again, now with this estimated abundance value as 
the abundance input and the up-to-date atmosphere model. As we re-
peat this procedure, W1DTH6 eventually generates an abundance esti-
mate which is identical to the up-to-date value of the abundance input. 
When this occurs, the estimated abundance by W1DTH6 is therefore 
the correct abundance value associated with the EW. This estimated 
abundance is on the true curve of growth of this spectral line. For Fel 
>.8331.9, the true curve of growth is indicated by the solid line in Fig. 3d. 
In the figures, it can be seen that since the curves of growth shown by non-
solid lines become more widely separated with decreasing TeJJ, W1DTH6 needs to 
be run a few more times before the correct abundance value can be reached in 
cooler atmospheres compared with in hotter ones, i.e. W1DTH6 is less efficient for 
performing abundance analyses of cool stars. 
However, for some lines which become very strong in cool atmospheres, the 
method described above is not valid. It can be se n from Fig. 2c and 2d that when 
T el J is as low as 3800 K or 3500 K, the curves of growth calculated for the strong line 
Fel >.8047.6 turn out to be very different. The EW becomes very insensitive to the 
abundance and even d creases with abundance. Therefore, great caution is needed 
in choosing the spectral lines of M dwarfs for abundance analyses using WIDTH6. 
In summary, th analysis of element abundances using atomic lines in cool stars 
is complicated by th fact that the abundances of the metallic elements influence 
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the ionization state of stellar material directly or indirectly. If it is unknown how 
the abundances of the metallic elements are related to each other in stars of different 
metallicities, there will be a genuine difficulty in the use of line EWs to determine 
element abundances and the estimated element abundances will have small or large 
errors depending on the temperature of the star concerned. This difficulty can be 
overcome if the abundances of the metallic elements which are the major electron 
sources can be determined first. If it is the case that the abundance ratios of the 
major free electron sources are constant from star to star, WIDTH6 is still valid 
but inefficient for abundance analysis in early-type M dwarfs provided it is used 
properly and carefully. For late-type M dwarfs, strong molecular absorption bands 
occur throughout their far-red spectra. Even in the high resolution (0.4A) Echelle 
spectra, it is simply impossible to locate the continuum in very red spectra and hence 
to measure the equivalen widths of spectral lines. Any analysis method based on the 
equivalent width of spectral lines will be invalid. A plausible way to get abundance 
information seems to be to synthesize the strong atomic lines, such as N al D lines 
and !( I A 7664, A 7699 lines taking the absorption of the important molecular species 
into account and comparing the synthetic spectra with observations. This will be 
discussed in detail in section 6.3. 
5.2 C6 and Treatment of Collision Broadening 
Many of the relevant neutral atomic lines in cool stars are fairly strong, hence 
pressure broadening of the lines is important and the van der \Vaals broadening 
must be carefully considered. The pressure broadening is dominated by collision 
with neutral particles, amongst which H2 molecules were taken into account in the 
study. Uncertainty in the van der Waals constant C6 was found to have a significant 
influence on the calculated line profiles and equivalent widths. 
WIDTH6 adopts the usual classical impact th ory to deal with collisional broad-
ening by neutral particles, which are neutral hydrogen , neutral helium a.nd molecular 
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hydrogen in the atmospheres of M dwarf stars -of Tef f below about 3750 K. The clas-
sical impact theory assumes that the perturber is well separated from the radiating 
atom throughout the duration of the collision, and that the interaction between 
them can be reasonably described as a dipole-dipole interaction. The difference be-
tween the van der Waals constants of the initial and final states is then determined 
by using perturbation theory. The analytic expression for the line width is ( eg. 
Baschek and Scholz 1982) 
3 
/6 = L 8.08IC6il0 .4 < y 3/ 5 > Nrert, 
i=l 
where 
[1] 
3/s (2kT/ )3/10 < V >= a3/5 ffireduced , 
R'!, ~ 2.5Z2 [ XH ]2, 
Xm- Xi 
where Oi is the polarizability of the ith perturbers, a0 the Bohr radius and e the 
electron charge. i = 1, 2, 3 denote neutral H,He atom and H2 molecule respectively. 
It should be kept in mind that detailed studies on the line broadening by collisions 
with neutral hydrogen atoms have shown that the use of formula [1] to calculate C6 
tends to be a serious underestimate (see references cited by Mihalas 1980). This is 
due to that simple dipole-dipole approximation for collision broadening by neutral 
perturbers, which leads to the van der Waals r-6 interaction law, is not adequate 
for many radiators which are important in stellar atmospheres. The advantage of 
using the above expression is that it easily includes the line broadening by collisions 
with hydrogen molecules . In the atmospheres of M dwarfs, H2 molecules are more 
abundant than H atoms and collision broadening by H 2 cannot be neglected. But, 
unfortunately, there is so far no detailed theoretical study available about broadening 
due to H2 molecules. 
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Rewriting formula [11 as 
C6 = a([ XH 12 _ [ XH 12), Xm - Xi Xn - Xi 
where 
a = 1.01 X 10-32 
is obtained by taking the conventional values of the relevant physical constants 
in the calculation of a. However, it has been noticed that not all the astrophysical 
handbooks and text books give the above value for a. In the handbook Astrophysical 
Formulae (Lang 1980) and VI/2b of Landolt-Biirnstein new series (Baschek and 
Scholz 1982) 
a = 1.01 X 10-32 , 
whereas in the handbook Astrophysical Quantities (Allen 1973) and the text book 
The Atmospheres of the Sun and Stars (Aller 1953) 
a = 1.61 X 10-33 • 
With the different values of a, the estimated abundance based on the same EW 
value was found to be remarkably different even for the weak lines (EvV ~ 50mA). 
A systematic error will be caused in the abundance results if the wrong value of a is 
adopted. The original version of WIDTH6 adopts the larger a value (1.01 x 10-32 ) 
throughout the calculation. In the present study the different value of a does not 
really alter the conclusion of our study and the evaluation of C6 only needs to be 
discussed when the element abundances in stars are analyzed by comparing obser-
vations with theoretical predictions. The results of the equivalent widths presented 
in the previous section were calculated with the smaller a value. It is suspected 
that the difference in the value of a is due to the adopted value of the polarization 
constant a for H. 
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5.3 Profiles of Strong Lines in Late-type M Dwarfs 
At the end of section 6.1, the possibility of using the extremely strong atomic lines 
to do abundance analysis for late-type M stars was put forward. To examine the 
possibility, two/(/ lines , .\7664 and .\7699, have been synthesized in the 2750/5/0 
model atmosphere. These two lines became extremely strong in the spectra of M 
dwarfs later than M5. Since these two lines fall into the TiO absorption bands, it is 
necessary to check how the TiO bands affect the appearances of the lines although 
we have known that the continuum is definitely contaminated by the bands. In this 
study, where the TiO absorption was taken into account, a Straight Mean line-by-
line opacity (Collins 1975) was adopted. 
Fig. 4a shows the comparison of the predicted line profiles for these two/( I lines 
with and without inclusion of the TiO band opacity in the spectral synthesis. In 
Fig. 4b, the synthetic spectrum including TiO opacity is normalized to the observed 
continuum in order to be compared with the observation. Fig. 4c and 4d show 
the observed results of these two /( I lines in the Echelle spectra of two late-type 
M dwarfs GL551 (Proxima Cen) and GL866. Surprisingly, it has been found that 
the line profiles themselves are altered significantly by the TiO molecular band 
absorption. Any ignorance of the molecular band absorption in the spectral synthesis 
could lead to completely incorrect interpretation of the observational data. 
Having realized that it is impossible to use the EWs and the wing profiles of the 
very strong lines to get any information, we attempted to compare the core parts of 
these strong lines with observations. Although the fit between the prediction and the 
observation is promising (as shown in Fig. 4b, 4c and 4d), an accurate comparison 
cannot be carried out due to the uncertainty in the determined continuum. A 
good fit can always be obtained by adjusting the location of the continuum in the 
observational spectrum. This is equivalent to adjusting the TiO band strengths in 
the spectrum. The information so derived is more relevant the strength of the TiO 
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band than the atomic lines. 
5.4 Conclusion 
The determination of the chemical composition in relatively cool photospheres of 
early-type M stars (3300 K < Teff < 4000 K) from the equivalent widths of atomic 
absorption lines is more complicated than that for stars hotter than the Sun because 
the material state in the cool atmospheres is basically different to that in hot ones 
in two aspects: the free electrons are contributed by some of the metals instead of 
hydrogen, and many metallic elements are involved in the formation of molecules on a 
large scale. WIDTH 6, a standard program for conducting abundance analysis for hot 
stars, using the equivalent widths of atomic lines, has been examined before it was 
applied to the cool stars. For late-type M stars which have very cool photospheres, 
the molecular lines in their spectra are so rich that the continuum cannot be traced 
and therefore any method based on individual line equivalent widths will not work. 
However, the study also showed that synthetic spectroscopy cannot work either 
due t.o the fact that the molecular line absorptions of TiO dominate the apparent 
absorption rather than the atomic line absorption of the metal of interest. 
In cool atmospheres, the atmospheric structures are affected by the variation of 
the metal abundances which changes the continuous opacity due to H- by changing 
the number density of free electrons. Also because the metallic elements are partly 
ionized, the number density of the atomic metallic species are determined not only by 
the element abundances but also by the ionization state of the stellar atmospheres. 
Moreover, some metallic elements are involved in the formation of molecules and the 
number densities of the atomic species are not therefore directly proportional to the 
abundances of the elements. These are the physical reasons why WIDTH6 did not 
function correctly for cool stellar atmospheres. Nevertheless, provided WIDTH6 is 
used in an iterative procedure, in principal, it is still possibly to conduct abundance 
analyses on the basis of measured equivalent widths for the appropriately selected 
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weak lines in early-type M dwarfs, since the strong lines tend to be insensitive to 
abundance variation. 
It was found that values of the Van der Waals constant C6 had been inconsistent 
in different text books and handbooks. This discrepancy is likely caused by different 
values being adopted for the polarization constant a in the estimation of the C6 
numerical coefficient. WIDTH6 adopts the larger value for C6 and more discussion 
on this issue can be found in Chapter 6. 
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Figure and Table Captions 
Fig. 1 Results of the curve of growth for Fe! 8046.0.A obtained with W1DTH6 
in the model atmospheres of three different Teff's and various [M/ H]'s. The 
different type curves in a frame represent the results in the model atmospheres 
of the same Teff and log g but different [M/ H]'s (Dotted curves: [M/ HJ = 0, 
short dash curves: [M/H] = -0.5, long dash curves: [M/H] = -1, dot-short dash 
curves: [M/ H] = -2, and solid curves: considering that the iron abundance is 
consistent with the abundances of the heavy elements (including iron) which are 
used in the construction of the adopted model atmosphere). Tef f and log g of 
the models are specified for each frame. ~ = 0 was assumed in the prediction of 
EWs at given abundances. 
Fig. 2 Results of the curve of growth for Fe! 8047.6.A obtained with W1DTH6 
in the model atmospheres of three different Te1/s and various [M/ H]'s. The 
different type curves in a frame represent the results in the model atmospheres 
of the same Teff and log g but different [M/ H]'s. Curve types are as in Fig. 1. 
Tef J and log g of the models are specified for each frame. ~ = 0 was assumed in 
the prediction of the EWs at given abundances. 
Fig. 3 Results of the curve of growth for Fe[ 8331.9.A obtained with WIDTH6 
in the model atmospheres of three different Teff's and "arious [M/ H]'s. The 
different type curves in a frame represent the results in the model atmospheres 
of the same Teff and log g but different [M/ H]'s. Curve types are as in Fig. 1. 
Tef J and log g of the models are specified for each frame. l = 0 was assumed in 
the prediction of the EWs at given abundances. 
Fig. 4 a) Synthetic J( I >. 7664 and>. 7699 lines with and without TiO band opacity 
included in the calculation. The 2750/5/0 model atmosphere is used. b) Nor-
malized synthetic spectrum for the two J( I lines with TiO opacity included. c) 
I( I >. 7664 and A 7699 lines in the stellar spectrum of PROX Cen. d) J( I A 7664 
and A 7699 lines in the stellar spectrum of GL866. 
Table 1 Free electron contributions by the different elements in the 5800/4.4/0 
(Tef J /log g/[M / HJ) photospheric model. 
Table 2 Free electron contributions by the different elements in the 4000/5/0 
photospheric model. 
Table 3 Free electron contributions by the different elements in the 3500/5/0 
photospheric model. 
Table 4 Free electron contributions by the different elements in the 3500/5/-1 
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photospheric model. 
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Chapter 6 
Metallicity of an M Subdwarf- GL191 
Kapteyn's star (GL191, HD33793, LHS29, Y1181) is one of the nearest halo 
population stars. It is a relatively bright early-type M subdwarf lying below the 
main sequence in the HR diagram (Mould and Hyland 1976). GL191 has been gen-
erally recognized to be metal deficient on the basis of several observational factors, 
namely discrepant temperature criteria from the TiO bands and the continuum, the 
greatly enhanced C aH /TiO band strength ratio relative to those in normal early-
type M dwarfs, and indirectly by its sub-luminous nature in the HR diagram (e.g., 
among others, MacConnell 1973, Mould and Hyland 1976, Cottrell 1978, Hartwick 
et al. 1984). The possibility, put forward by Wing et al. (1976), that the enhanced 
TiO/CaH ratio arises more from its abnormally low luminosity rather than from 
its low metallicity has been ruled out by a quantitative study of the effects of low 
luminosity and metal deficiency on molecular bands (Mould 1976a). However, the 
previous results concerning its chemical composition have been rather controversial. 
Eggen (1977) suggested that GL191, along with other unevolved halo stars, is metal 
deficient by a factor close to 100. Mould (1976a) reported a very mild metal de-
ficiency [M/ H] = -0.5 for GL191 based on his study of the T iO band strengths. 
A detailed spectroscopic investigation also by Mould (1976b) yielded the results of 
[Fe/ H] = -0.5± 0.3, [Ti/ H] = -0.2±0.3 and [O / Fe] ~ 0. In Mould's spec-
troscopic study, the abundance analysis was based on a curve of growth calculated 
using different spectral lines. Only four Fe! lines were used in his analys is, among 
which three lines w re so strong (equivalent widths > 200mA.) that they are not 
very sensitive to abundance. Mould recommended that weak F e] lines be used in 
future studi s. 
The present detailed low-resolution and high-resolution spectral investigation of 
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GL191 attempts to obtain its metallicity on the basis of firstly determining its ef-
fective temperature Tef f and making reasonable assumptions regarding its surface 
gravity g. The study was conducted based on the far-red low-resolution spectrum, 
near-IR spectrophotometric data in the J, H, and K passbands and the appropriate 
spectral lines measured in the far-red high-resolution Echelle spectra. Observational 
data and data reductions are briefly discussed in section 6.1. The effective temper-
ature and the surface gravity (g) of GL191 is discussed on the basis of its far-red 
low-resolution spectrum in section 6.2. In section 6.3, the theoretical aspects of the 
spectral line analysis are discussed , together with an estimate of the Fe and Ti 
abundances for the comparison star - Y5584. The abundance analysis for GL191 
is carried out comprehensively in section 6.4. A comparison between the results 
of authors and those obtained here, as well as discussions are given in section 6.5. 
In this study, the adopted photospheric models, the far-red low-resolution and the 
near-IR synthetic spectra were produced employing classical assumptions and are 
described in Chapter 3. A model or synthetic spectrum has been denoted as Tef f flog 
g/[M/ HJ, where [M/ HJ represents the mean metallicity. 
6.1 Observational Data 
a) Far-red low-resolution CCD spectra 
The far-red low-resolution spectrum from 0.58µ to 1.11µ was obtained for GL191 
with a low-d ispersion spectrograph (the Reynold spectrograph) and a red CCD 
detector on the lm telescope at Siding Spring Observatory (SSO). The discussion 
of the data reduction and the resultant far-red CCD spect rum of GL191 has been 
presented in Fig. 2 of Chapter 2. The outstanding features in the spectrum are the 
strong CaH bands, TiO bands and the strong atomic neutral lines of Na at 5890A. 
and 8183A. Such low-resolution spectra obviously provide richer and more reliable 
information about the spectral characteristics than color indices. 
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b) Near-IR spectrophotometric data 
The near-IR spectrum in the J , H, K and L passbands were acquired for GL191 
with a Grating Spectrometer (FIGS) (Barton et al.1988) using a 16-element InSb 
array at the 3.9m Anglo-Australian Telescope at SSO. The similar data ( except for 
L) for Y5584, a reference star in this study, were obtained in a different observing 
run. The data reduction has been discussed in Chapter 2. In order to eliminate 
the influence of imperfect weather on the data, the fluxes in the observed near-IR 
spectra were calibrated according to the published (Mould and Hyland 1976) (J-
H)Mso and (H-K)Mso of GL191 and Y5584. Transformations of colors obtained 
in different photometric systems were performed according to Bessell and Brett's 
relations (1988). The finally reduced near-IR spectra of GL191 and Y5844 are 
presented in Fig. 1. 
c) Far-red high-resolution Echelle spectral data 
In order to derive element abundances from atomic spectral lines, the high-
resolution ( -0.5A FWHM) spectra of GL191 and also of Y5584 were obtained with 
the high-dispersion Echelle spectrograph and a red CCD detector on the 2.3m tele-
scope at SSO. The setting of the Echelle spectrograph was such that the spectral 
portions obtained were least contaminated by the molecular absorption bands. The 
obtained four spectral portions have the wavelength ranges of 7500A - 7600A, 7755A 
- 7860A, 8030A - 8135A and 8330A - 8435A respectively. Only the spectrum in 
7755A - 7860A is severely contaminated by a TiO band so that no useful line infor-
mation was derived from it. The data reduction has been described in Chapter 2. 
were reduced using mainly the FIGARO package on a extraction of one-dimensional 
spectra from the CCD image, bias-subtracted and divided by a processed flat -field 
image in pixel-to-pixel coherent noise. The one-dimensional spectra were calibrated 
using the spectrum of a Neon-Argon arc lamp obtained under observing conditions . 
The spectra of a fast rotating B or A type star the program star in zenith distance 
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were also obtained and were divided the spectra 9f the program star to remove the 
terrestrial atmospheric 
6.2 Teff and log g of GL191 
The strengths of TiO bands had been widely used to determine Tell of M dwarfs 
since they are sensitive to stellar temperature. In fact, none of the molecular bands 
are pure temperature indicators because of the abundance effect on band strengths 
(Mould 1976a, 1978). Using the quasi-continuum gradient between 0. 75µ and 1.0µ, 
a much more reliable temperature determinant, Mould found that for the metal 
deficient halo stars, errors as large as 250 K resulted if a TiO band ( or the R-1 
color) were used as a temperature indicator. In this study, the continuum slope was 
also used to determine Tell for GL191. 
With the advantage of having the far-red low-resolution spectrum of GL191, 
the Tell determination was approached by comparing the stellar spectrum with the 
synthetic spectra instead of using color indices. The study of the synthetic spectra 
confirmed that the slope of the quasi-continuum between 0.82µ and 1.10µ is a reliable 
temperature indicator for the hot models (Tell > "'3300 K), corresponding to the 
early-type M dwarfs. In the region of 0.82µ - 1.0µ, little absorption by TiO and 
other molecules occurs. A difference of 100 K in Tel f can be easily distinguished in 
the slope change. But there is almost no difference in the slope of spectra with the 
same Teff but different [M/ HJ. Fig. 2a shows the synthetic spectra in the 0.82µ 
- 1.0µ region produced with the models of 3600/5/0, 3500/5/0 and 3400/5/0, and 
Fig. 2b shows the syntheti c spect ra in those of 3500/5/0, 3500/5/-1 and 3500/5/-2. 
It is expected that the surface gravity also has a secondary effect on the slope on 
the bas is of its little effect on models. Therefore, in the Tel J determin ation of an 
early-type M dwarf whose abundance is not extremely abnormal, it is reason able to 
ignore abundance and grav ity effects on the slope of the spectrum in the region of 
0.82µ - 1.10µ. 
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The comparison between the far-red spectrum_ of GL191 and a series of synthetic 
spectra of different Teff but the same gravity (log g = 5) and the same chemical 
composition ( the solar abundance) indicated that the best fit yielded Tef f = 3500 
K (log Tef f = 3.544). This result is consistent with the estimate of Mould (1976b) 
but about 300 K cooler than the estimate based on the TiO bands by Wing et al. 
(1976). With respect to the surface gravity of GL191, log g = 4.87 has been obtained 
with the bolometric magnitude of +9.53 and Teff of 3500 K by Mould and Hyland 
(1976). So far, we have learned that GL191 has a Teff of 3500 K and log gas for a 
typical M dwarf ( rv5) and yet undetermined metallicity. 
6.3 Abundance Analysis from Spectral Lines and Results 
for Y5584 
6.3.1 Analysis from Spectral Lines 
The quantitative spectroscopic analysis for the metallicity of GL191 was investigated 
differentially using a reference star Y5584. Y5584 has been generally considered to 
be a normal early-type M dwarf which has near-solar abundance, T ef f of 3500 K 
and log g of 5 (Mould, 1976b ). By undertaking a differential analysis, we can check 
the atomic data, estimate the microturbulent velocity~' and eliminate the possible 
systematic error. 
With measured EWs of the neutral atomic T i and F e lines, the computer pro-
gram WIDTH6, a derivative of Kurucz's ATLAS5 (see Kurucz 1970) , was used to 
conduct the fine analyses of Ti and Fe abundances. WIDTH6 and its validity for 
early- type M dwarfs have been fully d iscussed in Chapter 5. In the present version 
of W IDTH6, up to 20 important molecules were taken into account in th e equ a.t ion 
of state. With the input consisting of an initi al chemical composit ion and the associ-
ated model structure, WIDTH6 gives runs of abundance versus excitation potenti a l 
and abundance versus equivalent width for the selected microturbulent velocity~ so 
that the input parameters of t he model together with a specific value of~ can be 
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checked by examining the abundance range versus excitation potential and equiv-
alent "Vidths. The adopted solar chemical composition is from Cameron (1982), as 
listed in Table 2 of Chapter 3. In particular, log (Fe/H) = -4.47 dex, log (Ti/H) 
= -6.92 dex and log ( 0 / H) = -3.16 dex. Basic atomic data, such as gf-values 
and the exact upper and lower energy levels, were extracted from the K urucz and 
Peytremann (1975) line list , in which the gf-values were calculated semi-empirically 
including observed energy levels. 
Collisional broadening by molecular hydrogen ( more abundant than atomic hy-
drogen below rv3000 K) was included by means of Mould's treatment (1976b). The 
effects of uncertainty in van der Waals constant C6 have been stressed in Chapter 
5, where it has been reported that two different values of the constant a in C6 are 
given in various handbooks and text books. The results presented in this chapter 
were all obtained with the larger a value, 1.01 x 10-32 , instead of the smaller value, 
1.61 x 10-33 • No fudge factor was applied in the summed damping constant. The 
reason for adopting the larger value was based on the testing calculation result; the 
larger value of a gave a satisfactory estimate of the element abundances for the ref-
erence star, whereas the small value failed. In fact, the effects of the C6 uncertainty 
would be partly compensated in a comparative study if the corresponding spectral 
lines in the different stars are approximately equally strong. The relative abun-
dance of stars would not be significantly affected because the uncertainty affects the 
absolute results rather than the relative results. High pressure effects including pre-
dissociation of H- and violation of ideal gas assumption were ignored because the 
maximum gas pressure in the atmosphere of GL191 is unlikely to be greater than 
107 dyn/cm2 accord ing to the models. GL191 was assumed to have a standard, 
instead of an over-abundant, helium abundance. If this was not true, a systematic 
error would exist due to the underestimated continuous opacity for helium. 
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6.3.2 Abundance Result for Y5584 
Taking the solar chemical composition and the 3500/5/0 photospheric model as the 
input of WIDTH6, from the measured EWs for eleven Fe! and eleven Ti! lines in 
the Y5584 spectra, the derived abundances of Fe and Ti for Y5584 are: log (Fe/ H) 
= -4.35±0.076 (s.e.) and log (Ti/H) = -6.83±0.096 (s.e.) at~= 1.25, or log (Fe/H) 
= -4.50±0.08 (s.e.) and log (Ti/ H) = -6.98±0.10 (s.e.) at~= 2.50. In the analysis, 
three of the 15 measured Fe! lines were excluded because they gave obviously wrong 
values of the abundances. This occurs for the lines with inaccurate gf-values or large 
errors in the measured EWs due to the effect of intrinsic blending. Fig. 3 shows the 
scatter about the mean abundance of Fe! as a function of excitation potential, 
equivalent width and wavelength respectively. Fig. 4 shows the same results for Ti. 
Any systematic variation in abundance with x, EW or >. indicates errors in Tef 1, 
the ~ value and the continuum placement respectively. Our analysis has confirmed 
Mould's result for Y5584 (1976b) in two respects: the microturbulent velocity ~ 
is 2.50 km/sec and Y5584 has near-solar chemical composition. In addition, the 
derived element abundances which are close to the absolute solar values add weight 
to the point that the larger C6 value is valid. 
The near-IR spectrum of Y5584 is compared with the synthetic spectrum pro-
duced with the 3500/5/0 model in Fig. 5. Absorptions due to the vibration-rotation 
transitions of H20 molecules are responsible for the strong bands in the synthetic 
spectrum. These H2 0 bands are not observable on the ground because of absorption 
by the earth's atmosphere in those spectral regions. Comparable features between 
observation and prediction are the heights of the flux peaks rather than the J-12 0 
band strengths. Comparison indicates that the near-IR flux energy distribution of 
Y5584 agrees satisfactori ly with the theoretical prediction. The agreement confi rms 
that the combination of Teff = 3500 K, log g = 5 and (M/ H) = (M/ H)0 are the 
appropriate atmospherical parameters for Y5584. In particular, the good fit of the 
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flux in the J band indicates that ( 0 /M) of Y5584. must be similar to the solar ratio 
because the flux height in J relative to that in H was found to be very sensitive to 
this ratio. Its importance and other details will be discussed in the next section. 
Since we have no far-red CCD spectrum of Y5584, no comparison in this spectral 
region was made. 
6.4 Abundance Analysis for GL191 and Discussion 
6.4.1 Difficulties in the Analysis of GLI91 
The derivation of the Fe and Ti abundances for GL191 from the high-dispersion 
spectroscopic data (Fe! and Ti! lines) turned out to be very complicated. It actually 
involved assumptions about the Na , Ca and Mg abundances. As stated in Chapter 
5, in the photosphere of cool M dwarfs, free electrons are mainly contributed by 
the easily ionized metallic elements which are relatively abundant at the same time, 
instead of the H atoms. In the Tef f = 3500 K model, the main electron contributors 
are Na, Ca and Mg. In the line forming layers, the free electrons contributed by 
Ca and M 9 are comparable to those by Na. The ionization state of the stellar 
material changes with average abundance of these elements (Me/ H) (where Me = 
< Na+ Ca+ Mg > ). The abundance estimate of any partly ionized element , like 
Fe in our case, depends on the assumed value of (Me/ H) . 
In addition, the continuous opacity mainly due to H - bound-free and free-free 
transitions is also related to (.111e/ H) and therefore affected by the errors in the 
assumed (Me/ H). In theory, any uncertainty in the continuous opacity cou ld affect 
line analyses not only by the uncertain continuum but also by the un certain ty in 
the model structure resulting from the uncertainty in the cont inuous opacity. In 
practice, the latter was found to have li tt le effect on the determined abundance 
for GL191. If the lem nt of interest is involved in t he formation of molecules, 
the estimate of its abundance is then dependent on the adopted abundance of t he 
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other element(s) of which the molecule is composed. In our case, Ti is involved 
in the formation of TiO and the derived Ti abundance is very much dependent 
on the assumed O abundance. A sensible way to perform abundance analysis on 
M dwarfs is therefore to consider the abundances of the elements of interest and 
all the relevant elements comprehensively and to achieve a self-consistent solution. 
Derived abundances should be subject to observed abundance criteria from all sorts 
of observational data. 
6.4.2 Abundance Ratios and Initial Results from Line Analysis 
In order to derive abundance for partly ionized elements from their atomic lines for 
early-type M dwarfs using WIDTH6, it is necessary to make assumptions about the 
abundances of all the other elements. According to the above analysis, the assumed 
abundance values for the Me elements and O are relevant to the abundance values 
derived for Fe and Ti. If the abundances of these elements are free parameters, there 
will be no conclusive abundance results for Fe and Ti from line analysis. Fortunately, 
there have been some studies about the relationships of element abundances in stars, 
which allows us to make a decision based on the possible results and to judge the final 
solution. The simplest consideration is to assume that all the element abundances 
change uniformly, i.e. the abundance ratios are independent of the metallicities. 
However, this seems to oversimplify reality. Wheeler and Sneden (1989) reviewed 
the observational record of abundances as a fun ction of the traditional parameter 
metallicity [Fe/ H], using evidence from field and globular cluster stars of the Galaxy 
and the Magellanic Clouds. They summarized the most recent results concerning 
inter-relationships of element abundances, obtained statistically from a large number 
of stars. The relationships of the relevant elements in field stars, to which GL191 
belongs, are presented in the following (for sources, see references cited by Wheeler 
and Sneden): 
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1. The absolute Fe abundance determination for stars are known within factors 
of 2 or 3. 
2. In the galaxy, 0 is overabundant in metal deficient stars. The overabundance 
increases with decreasing metallicity, but appears to reach a plateau of [O / Fe] 
,...., +0.5 for metallicities below [Fe/ H] ,...., -1.0. Suggestion of higher O over-
abundance in K subdwarfs by Ahia and Rebolo (1989) has been rebutted by 
Hessell, Sutherland and Ruan (1991). 
3. Among the light metals, the even-Z elements, a-elements (Mg, Si, S, Ca and 
Ti), are overabundant by [a/ Fe] ~ +0.3 for stars of -1 < [Fe/ H] < 0, with a 
scatter of about ±0.3. The odd-Z element Na has been found to have [Na/ Fe] 
~ 0 in stars of all metallicities with frustratingly large star-to-star scatter in 
this ratio. For the globular cluster stars, [Na/ Fe] can be quite complicated. 
Since these are statistical results from studies of many stars, the relative abun-
dance of GL191, an individual star, may not necessarily be precisely consistent with 
them; nevertheless, they provide some constraints on the possible abundance values 
of the Me and O elements in GL191 and allow us to judge the Fe and Ti abundance 
results of GL191. The following relationships are considered to apply to the abun-
dances of the relevant elements in GL191: [O / Fe] ~ 0.5, [Fe/ HJ < [Ti/ HJ. The 
relationship between [Me/ H] and [Ti/ H] can be complicated. [Me/ HJ ~ [Ti/ HJ 
and [Me/HJ~ [Ti/HJ are all possible because [Ca/H] and [Mg/HJ should not be 
smaller than [Ti/ HJ while (Na/ HJ should not be larger than [Ti/ HJ. 
W1DTH6 was used to analyze the abundance for GL191 based on atomic lines. 
A microturbulent velocity of ~ = 2.5 was assumed, identical to the value found 
for Y5584. Tabl 1 lists WIDTH6 results of the Ti and Fe abundanc s from line 
analysis using different input chemical compositions, associat d models, and various 
0 overabundances. In Table 1, column 1 lists the input abundance which applies 
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to all the elements except 0, column 2 indicates the adopted models, column 3 to 
column 8 are derived Ti abundances with possible overabundant values of 0, and 
column 9 the correspondingly derived Fe abundance. It was found that the input 
abundance values of Ti and Fe did not affect the calculated results and that the 0 
overabundance does not change the calculated Fe abundance. For the same input 
chemical composition, different models were adopted to calculate the abundances so 
that the effects of atmospheric structure on the results could be examined. It can 
be seen from Table 1 that while the model structure effect is appreciable in most 
cases, it is much smaller than the effect of the input chemical composition [M/ HJ 
( or [Me/ H]) on the abundance results. Obviously, some results in Table 1 can be 
ruled out using the constraints summarized in the previous section. For instance, 
the result that [M/ HJ and [Fe/ HJ are as low as -1.3 assuming the exact [M/ HJ = 
[Fe/ HJ cannot be accurate since it results in [Fe/ HJ > [Ti/ HJ. Table 2 lists possible 
solutions to the abundance of GL191, in light of the derived constraints. Without 
further information, the estimated values in Table 2 have the same probability of 
being the abundance of GL191. In order to determine the sole abundance solution, 
it is necessary to resort to the abundance information of O and Ti derived from the 
TiO bands in the far-red spectrum and from the flux distribution in the near-IR 
spectrum. 
6.4.3 0 and Ti Abundances Determined from Low-resolution Data 
It has been mentioned in the previous section that the relative flux height in the J 
band is a sensitive indicator of the [O /.A1] ratio. This showed up clea.rly in a study 
based on our synthetic spectra. An increase in [O / M] of 0.1 dex was found to raise 
the flux height in the J band distinctively whereas the flux heights in other bands 
remained almost unchanged. In other words, the J-H color is more sensitive to 
the [O / M] ratio and the J-H becomes bluer as [O / M] increases. A possible physical 
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Table I Initial results of line analysis for GL191 with WIDTH6 
[M/H] Model [Ti/ H]ro/Ml (±0.06) [Fe/ HJ (±0.08) 
(TeJJ/log g/[M/H]) 0.00 0.15 0.25 0.30 0.35 0.40 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
-0.00 3500/5/-0.00 -0.29 -0.10 0.02 0.09 0.16 0.23 -0.45 
-0.25 3500/5/-0.00 -0 .59 -0.45 -0 .36 -0.32 -0 .28 -0 .24 -0.66 
-0.25 3500/5/-0.50 -0 .51 -0.33 -0 .22 -0.16 -0 .10 -0.05 -0.54 
-0.50 3500/5/-0.00 -0 .82 -0 .73 -0.67 -0 .64 -0 .61 -0.58 -0.87 
-0.50 3500/5/-0.50 -0.80 -0.67 -0 .58 -0 .54 -0.49 -0.45 -0.74 
-0.50 3500/5/-0.75 -0.85 -0.69 -0 .59 -0.54 -0.49 -0.44 -0.74 
-0 .50 3500/5/-1.00 -0.83 -0.66 -0.55 -0.50 -0.44 -0.39 -0 .69 
-0.65 3500/5/-0.00 -0.93 -0.86 -0 .82 -0.79 -0.77 -0 .75 -0 .99 
-0 .65 3500/5/-0 .50 -0.94 -0 .84 -0 .79 -0 .74 -0.69 -0 .64 -0 .86 
-0.65 3500/5/-0.75 -1.00 -0.87 -0.79 -0 .75 -0.71 -0.67 -0 .85 
-0 .65 3500/5/ -1.00 -1.00 -0.86 -0.77 -0 .72 -0.68 -0.63 -0.80 
-0.75 3500/5/-0.00 -1.00 -0.94 -0.90 -0 .88 -0.86 -0.84 -1.08 
-0.75 3500/5/-0.50 -1.03 -0.94 -0 .88 -0 .85 -0 .82 -0.79 -0 .94 
-0.75 3500/5/-0.75 -1.09 -0.98 -0.94 -0.88 -0.84 -0.80 -0.92 
-0.75 3500/5/-1.00 -1.10 -0 .98 -0.90 -0.86 -0.82 -0.78 -0.88 
-1.00 3500/5/ -0.50 -1.22 -1.17 -1.13 -1.11 - 1.09 -1.07 -1.15 
-1.00 3500/5/-0.75 -1.28 -1.21 -1.16 -1.14 -1.12 -1.09 -1.10 
-1.00 3500/5/-1.00 -1.30 -1.26 -1.20 -1.17 - 1.14 - 1.11 -1.08 
-1 .30 3500/5/-1.00 -1.55 -1.51 -1.49 -1.47 -1.45 -1.43 -1.32 
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Table 2 The possible results of GL191 abundance obtained with WIDTH6 
[M/H] Model [Ti/ H]ro/M) (±0.06) [Fe/ H] (±0.08) (Tef! /log g/[ M / H]) 0.00 0.15 0.25 0.30 0.35 0.40 (1) (2) (3) (4) (5) (6) (7) (8) (9) 
-0.00 3500/5/-0.00 
-0.29 
-0.10 0.02 0.09 0.16 0.23 
-0.45 
-0.25 3500/5/-0.00 
-0.59 
-0.45 
-0.36 
-0.32 
-0.28 
-0.24 
-0.66 
-0.25 3500/5/-0.50 
-0.51 
-0.33 
-0.22 
-0.16 
-0.10 
-0.05 
-0.54 
-0.50 3500/5/-0.50 
-0.80 
-0.67 
-0.58 
-0.54 
-0.49 
-0.45 
-0.74 
-0.65 3500/5/-0.50 
-0.94 
-0.84 
-0.79 -0.74 
-0.69 
-0.64 
-0.86 
-0.65 3500/5/-0.75 
-1.00 
-0.87 
-0.79 -0.75 
-0.71 
-0.67 
-0.85 
-0.75 3500/5/-0.75 
-1.09 
-0.98 
-0.94 
-0.88 
-0.84 
-0.80 
-0.92 
-1.00 3500/5/-1.00 
-1.30 
-1.26 
-1.20 
-1.17 
-1.14 
-1.11 
-1.08 
-1.30 3500/5/-1.00 
-1.55 -1.51 
-1.49 
-1.47 
-1.45 
-1.43 
-1.32 
interpretation for this is suggested as follows. The absorption by H
2
0 dominates the 
spectral appearance in the J, H, Kand L bands in the near-IR. The H
2
0 opacity in 
the near-IR decreases significantly towards shorter wavelengths ( about 2 magnitude 
from 4µ down to lµ). As the number density of H2 0 molecules increases with the 0 
abundance, the H20 absorptions become stronger everywhere in the near-IR. But 
the strengthening factor is not linear with the absorption coefficient due to the non-
linear effect in the flux integration. Therefore, the flux in the J band is depressed 
less than fluxes in the other bands due to the appreciably smaller H
2
0 absorption 
coefficient in the wavelength region covered by the J band. Deficient J-H colors have 
been known to be common in subdwarfs and this deficiency has been attributed to 
low metallicity. However, it is obvious in the results of Mould and Hyland (1976) that 
the J -H value from the theoretical model with low metallicity was still much larger 
compared to the J -H colors of some subdwarfs including GL191. The dependence of 
the J flu x height on the [O / M] rat io found here implies that the effects on J -H of the 
145 
0 overabundance and the low metallicity are comparable. In Fig. 6, the predicted 
near-IR spectrum with [0/MJ = 0 in the 3500/5/-0.75 model (as indicated in the 
figure) is compared with the spectrum of GL191, and the discrepancy is so obvious 
that we conclude that [O / MJ of GL191 cannot be equal to 0. 
It was found that in the range -0.5 > [Me/ HJ > -1.0 the J flux height was only 
determined by the [O / MJ ratio and independent of the absolute value of [Me/ HJ. 
Fig. 7a shows the near-IR spectra calculated with the ([M/HJ,[0/M]) combination 
being (-0.65,+0.25), (-0.65,+0.3) and (-0.65,+0.35), and in Fig. 7b shows those pro-
duced with (-0.5,+0.3), (-0.75,+0.3) and (-1.0,+0.3). To determine the [O / MJ value 
for GL191, a series of near-IR spectra were produced with the given Tell ( = 3500 
K), log g ( = 5) and various combinations of ([M/ H],[O / M]). By fitting the J flux 
height in the observed spectrum of GL191 to that in the synthetic spectrum, the 
[0/ M] value of GL191 was determined to be +0.3±0.05. But the [M/ HJ value could 
not be decided since the near-IR spectra with different [ M / HJ does not show any 
significant difference. The synthetic near-IR spectrum calculated with [O / MJ = 0.3 
in the 3500/5/-0.75 model (as indicated in the figure) is compared with GL191's 
near-IR spectrum in Fig. 6. 
The TiO band strengths in the far-red depend on both the O abundance and the 
Ti abundance. Once [Ti/ HJ and [O / MJ are both specified in the spectral calculation, 
the TiO band strengths in the synthetic spectra can be determined on their own. 
For a given O abundance, the TiO band strengths were found to be mainly affected 
by [Ti/ HJ and insensitive to [Me/ HJ. As a result, the [Ti/ HJ abundance derived by 
fitting the TiO band strengths in the observed spectrum to those in the synthetic 
spectra remains meaningful only for Ti. The value of [Me/ HJ cannot be decided 
based on the TiO bands. 
With the possible [0/MJ values of GL191, a series of far-red spectra with Tell 
= 3500 K, log g = 5, [Me/ HJ = -0.75 and several different [Ti/ HJ values were 
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calculated. The ([Ti/ H],[ 0 / Ml) combinat_ions which produce the observational 
TiO band strengths were found to b~ (0.78,0 .35), (0.75,0.3) and (0.72,0.25). As 
an example, the calculated far-red spectrum with the 3500/5/-0.75 model and 
([M/H],[Ti/H],[0/M]) = (-0.75,-0.75,+0.3) is compared with the observed spec-
trum of GL191 in Fig. 8. The general agreement in the spectral range longer than 
7000.A. is rather satisfactory. Towards wavelengths shorter than 6500.A., while a dis-
crepancy in the quasi-continua develops, the band features still fit each other. The 
disagreement has been discussed in Chapter 3 and can sensibly be ignored in the 
present case. The CaH band falling in the range between 6500.A. and 7000.A. in the 
synthetic spectrum appears too weak, which suggests that the adopted solar [Ca/ Fe] 
ratio in the spectral synthesis is too low for GL191. This also proves that Ca and 
Ti are similarly overabundant relative to Fe in metal deficient stars. Although the 
strong neutral Na lines appear to be comparable features, they were not used be-
cause of the effect of the somewhat uncertain treatment of pressure broadening for 
strong atomic lines. 
6.5 Metallicity of GL191 and Further Discussion 
6.5.1 Final Result of GL191 frorn WIDTH6 
So far, some rather specific constraints on [O / MJ and [Ti/ HJ can be established 
for GL191. These are 0.25 < [0/M] < 0.35 and [Ti/HJ~ -0.75. According to 
the oxygen limit, the abundance values of Ti and Fe must lie in the W1DTH6 
results listed in column 5, 6 and 7 of Table 2. Applying the Ti derivation to these 
results, [111e/ HJ = -0.65 is indicated and the corresponding [Fe/ H] is -0.85 , whi ch are 
highlighted with bold lines in Table 2. The different model atmospheri c structures 
of 3500/5/-0.5 and 3500/5/-0.75 cause little differences in the results. It can be seen 
that the relations among the deri ved abundances of [O / M], [Ti/ HJ, [.Me/ HJ a.nd 
[Fe/ HJ for GL1 91 fulfill the onstra in ts di scussed in the previous section . 
148 
,----.. 
(l) 
:> 
...,. 
cd 
c3 
~ 
'--' 
--< µ., 
0.80 
0.60 
0. 4 0 
0. 20 
O. OOL-~-'---~-----'-~~L--~--'---~--'--~--'-~~_.l_~___J_~-' 
5850. 6850. 7850 . 
,\(A) 
Fig.8 
149 
8850 . 9850. 
I 
I 
I 
6.5.2 Further Discussion 
a) Reliability of Molecular Opacities 
The abundance results of GL191 determined above very much depend on the 
explanation of the TiO band strengths and the flux depression as due to H20 
absorption in the spectrum of GL191 based on the synthetic spectra. Evidently, the 
TiO band opacities and the H20 opacity used in the spectral synthesis can be crucial 
to these results. The accuracy of the TiO band opacities (Collins 1975) and the H 20 
opacity (Ludwig et al. 1973), used in the spectral calculations, have been verified in 
Chapter 3. The verification was approached by means of checking the assumptions 
underlying the opacity calculations and comparing the synthetic spectra produced 
employing these opacities with observational data. Based on our opacity analyses, 
both the TiO opacity and the H 20 opacity are believed to be reasonably reliable 
for M dwarfs. Nevertheless, the accuracy of the molecular opacities still requires 
improvement if we are to analyze the chemical composition of M dwarfs with higher 
accuracy and reliability. 
b) Comparison with other people's results 
The Fe and Ti abundances, together with the O overabundance of "'0.3 <lex, 
determined for GL191 in the present study differ somewhat from the estimates of 
Mould (1976b ). The F e and Ti abundances are significantly lower than those of 
Mould, and no O overabundance was found by Mould. With [O / M] = 0, we did 
a test of the abundance analysis for GL191. There was no difficulty in fitting the 
spect ral f atures in the far- red sp d rum of GL191 with the 3500/5/-0.5 synLhet i 
spectrum, but a latge dis repancy appeared in the near-IR spectral comparison. 
The J flux h ight in the 3500/5/-0.5 near- IR spect rum is much too low. In addition, 
problems turn d up in th result from th e li ne analysis using the 3500/5/-0.5 model 
atmos pheric structur , which gav the unrealistic relationships [Ti/ HJ < [Fe/ HJ 
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and [Ti/ H] < [Me/ H] (See Table ·1) : However, our result is still more than 1.0 
<lex hi6her than the metallicity suggested by Eggen (1977) , which is as low as -1.8, 
according to the measured metallicities of other stars in Kapteyn's star group. 
On the ( Mbel, log Tef J) plane containing the main-sequence loci obtained from 
interior models by Vandenberg et al. (1983), GL191 locates close to the track of Z 
= 0.01 ([Fe/ H] = -0.23 with Z0 = 0.017) according to face values of its Mbel ( = 
+9.53 mag) and Teff (= 3500 K). The metallicity of Z = 0.01 is surprisingly high 
for GL191. However, one should be careful in considering the different implications 
of the effective temperature when used for the stellar atmosphere and the stellar 
interior. In the construction of interior models, the atmosphere is treated as a very 
thin layer and T e! f is the temperature at Tress ~ 1.0. In contradistinction, for the 
case of constructing photospheric models, Tef I is no more than a constant constraint 
on the emerging flux and is not necessarily identical to the temperature at Treu = 
1 because of the effects of the molecular blanketing. Inspecting the temperature 
stratification of the 3500/5/-0.75 model, Tat Tress= 1 is rv3750 K instead of 3500 
K. Therefore, the Teff of GL191 which has a consistent physical implication for the 
interior models should be 3750 K. With log (375 K) = 3.57 and Mbel = +9,53, GL191 
falls on the Z = 0.0035±0.0005 ([Fe/ H] = -0.65±0.01) track. Although this estimate 
is fairly rough because of the small log Te! 1 scale in the results of Vandenberg et al., 
it is encouraging to note that it coincides with the metallicity derived for GL191 in 
the present study. 
6.6 Conclusion 
• It has been shown that the abundance analysis from spectral Jines for Fe a.nd 
Ti in GL191 yields conclusive results only when the abundances of the elements 
(Me) which are free electron sources are determined first. In add ition, the Ti 
abundance analysis depends on the assumed or determined O abundance. The 
appropriate approach is firstly to decide the oxygen overabundance of GL191 
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from the observed near-IR spectrum, then to investigate the possible [Ti/ HJ 
values according to TiO band strengths in the observed far-red low-resolution 
spectrum, and finally to use the results of ( 0 / M] and [Ti/ H] as constraints to 
find the abundance of Me and Fe. The analysis is based on the assumption 
that the element abundances in GL191 can change non-uniformly. 
• A best estimate of [O / MJ = +0.3 has been obtained for GL191 from its near-
IR spectrum by successfully accounting for the flux deficiency in the J band of 
the GL191 near-IR spectrum. This value is consistent with the general results 
for the O overabundance in hotter stars of similar metallicity. 
• [Ti/ HJ has been found to be -0.75 for GL191 based on the TiO bands in its 
far-red spectrum . 
• [Me/ HJ is required to be -0.65 in order to get [Ti/ HJ = -0.75 as [O / MJ = 
0.3 from the Ti! line analysis using WIDTH6. In other words, the average 
abundance of Na, Ca and Mg is about -0.65, which is larger than that of Ti. 
• The [Fe/ HJ abundance derived from analysis of individual Fe! lines using 
WIDTH6 is -0.85. This indicates that Fe is more deficient than Ti by 0.1 <lex. 
The average metallicity [M/ HJ of GL191 is therefore about -0.70. 
• The TiO band opacities and the H20 opacity play important roles in the 
abundance analysis for early-type M dwarfs. Therefore, it is desirable to have 
highly accurate molecular opacities in spectral synthesis. 
152 
Figure and Table Captions 
Fig. 1 The finally reduced near-IR spectra of Y5844 (GL887) and GL191. 
Fig. 2 a) Synthetic spectra in the l.Oµ region produced in the 3600/5/0, 3500/5/0 
and 3400/5/0 models; b) the synthetic spectra produced in the 3500/5/0, 
3500/5/-1 and 3500/5/-2 models. 
Fig. 3 The scatter about the mean abundance of Fe! as a function of excitation 
potential, equivalent width and wavelength. 
Fig. 4 The scatter about the mean abundance of Ti! as a function of excitation 
potential, equivalent width and wavelength. 
Fig. 5 Comparison between the near-IR spectrum of Y5584 and the synthetic 
spectra produced with the 3500/5/0 model. 
Fig. 6 The near-IR spectrum of GL191 compared with synthetic spectra produced 
with [O / M] = 0 and [O / M] = 0.3 in the 3500/5/-0. 75 model respectively (as the 
one indicated in the figure), showing that the latter result fits the observations 
much better than the former. 
Fig. 7 a} The near-IR synthetic spectra produced with the ([M/ H],[O / M]) combi-
nations of (-0.65,+0.25), (-0.65,+0.3) and (-0.65,+0.35); b) those produced with 
the ([M/H] ,[0/M]) combinations of (-0.5,+0.3) , (-0.75,+0.3) and (-1.0,+0.3). 
Fig. 8 Comparison between the far-red spectrum of GL191 and the synthetic 
spectrum with ([M/H],[Ti/H],[Of.M]) = (-0.75,-0.75,+0.3) in the 3500/5/-0.75 
model. 
Table 1 Results of the Ti and Fe abundances from line analyses with different 
input abundances, different model atmospheres and different O overabundances 
using WIDTH6. 
Table 2 The possible solutions, in light of the derived constraints, to the abundance 
of GL191. The numbers in bold lines are the abundan ce results for GL191. 
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Chapter 7 
Analyses of VB12 and HD219617 
VB12 is a faint common-proper-motion companion of a large-proper-motion bi-
nary system HD219617, belonging to the halo population (Van Biesbroeck 1961, 
Eggen 1978a). The luminosity of VB12 can be estimated according to the modulus 
derived for HD219617. However, it was pointed by Eggen (1978a) on the basis of 
its R-I color and M1 magnitude that VB12 does not lie on the halo subdwarf track 
defined by hotter parallax subdwarfs (Eggen, 1978b ), instead, it falls more than one 
magnitude below the halo sequence. Eggen (1978a) suggested two possible explana-
tions: VB12 has , indeed, an intrinsic low luminosity or its R-I color is too blue for 
its temperature compared to other M subdwarfs. Previous spectroscopic studies of 
cool M dwarfs suggest that the second explanation is likely to be correct. 
We showed earlier that the R-I color of cool M dwarfs is significantly affected by 
metallicity via molecular bands. Unlike the R-I color of stars hotter than early-M 
type, the R-I color of cool M dwarfs is by no means a pure indicator of the effective 
temperature (see Chapter 4). If the Teff of VB12 is so low that the molecular 
absorption bands are very strong in its spectrum, its R-I color will be determined by 
both Te! f and [M/ HJ; if VB1 2 is more metal defi cien t than the hotter M subdwarfs 
located at the cool tail of the halo subdwarf track, such as GL191, VB12 's R-I color 
will appear bluer than the R-I corresponding to its M1 using the halo subdwarf 
track. In other words, VB1 2 will appear to fall below the halo subdwarf track in 
the R-1 - .!Vh plane, whi ch is exactly the problem fo und by Eggen. 
The above conj ectures are verified in thi s chapter. We have attempted first to 
inves tigate the element abundances of VB12 by analyzi ng its F subdwarf companion 
HD 219617, then to determine Teff for VB1 2 according to its R-1 color and the T i O 
). 7710 band strength in its far-red low-resolution spectrum us ing the theoreti cal 
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results from our synthetic spectra, and finally we confirm that the position of VB12 
in the R-I - M 1 plane can be explained by its 'peculiar' spectrum resulting from 
the low effective temperature and low metallicity. The spectral calculation has 
been fully discussed in Chapter 3, where the synthetic spectra of high and low Tef J 
models in the far-red (0.5µ - 1.0µ) have been seen to be satisfactory as checked 
against observations and thus are believed to be reasonably reliable, in spite of 
some problem existing in the synthetic spectra of low Tel J models in the near-IR 
(1.0µ - 4.0µ). The notation used for an atmospheric model is Teff /log g/[M / H]. 
7.1 Metallicity of HD219617 
The abundance analysis from the individual atomic lines for HD219617 was carried 
out using the VAX version (BessellandNorris 1984) of Kurucz's code W1DTH6. The 
spectral data of HD219617 in the UV (3100A. - 3500A) wavelength region wt>re ob-
tained with the IPCS on the AAT and reduced by Bessel!. Unblended spectral lines 
in the observed spectra were identified and measured for their equivalent widths. 
The final numbers of identified and useful lines for each concerned species are given 
in column 2 of Table 1. The g !-values of the atomic lines were sought from experi-
mental results where possible, otherwise the theoretical values provided by Kurucz 
were adopted. The upper and lower energy levels of transitions were from Kurucz~s 
line list (Kurucz and Peytremann 1975). Unsold's formulation of van der \,\/aa.ls 
broadening was assumed. The uncertainty of the Van der Waals constant C6 wa5 
expected to be small because most of the lines used were weak. 
The more accurate atmospheric parameters of HD219617 cou ld be effect ively 
determined by checking the WIDTH6 output runs for input model atmospheres 
of different atmospheric parameters. The primary parameters to be determined 
were: the effective temperature (Tel J ), the surface gravity (log g) and th metal-
licity ([M / HJ). The initial values of the primary atmospheric parameters and the 
associated atmospheric model, required by WIDTI-I6 as its input , were chosen for 
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HD219617 according to its V-I of 0.628 mag (Bessell, private communication) by 
using t!-ieoretical model results. Buser and Kurucz (1988) performed synthetic pho-
tometry on the computed synthetic spectra by using the atmospheric models of 
Gustafsson et al. (1975). Buser and Kurucz's photometry calculation results and 
Gustafsson et al. 's models were used in the current study. 
HD219617 is a well-known late-type F subdwarf, with its Teff being determined 
to be about 6000 K (Perrin et al. 1977). Its gravity was suggested to be somewhat 
smaller than the gravity of other typical F subdwarfs because it is located slightly 
above other subdwarfs in the color-magnitude diagram. HD219617, therefore, was 
suspected to be more evolved. The metallicity [Fe/ HJ of HD219617 was deter-
mined to be about -1.5 (Perrin et al. 1977). Having taken the uncertainties in the 
previously determined properties of HD219617 into account, several different atmo-
spheric models which produce the same V-I value were selected in order to cover 
all possibilities. These models were: 6000/4.5/(-1, -1.5, -2); 5950/3.75/(-1, -1.5, -2); 
5900/3/(-2, -1). As for the microturbulence velocity (0, the possible values 1.5, 
2.0 and 2.5 (in km/s) for normal dwarfs were input and the appropriate value was 
determined from the WIDTH6 output. 
With a given input model, WIDTH6 gave the run of abundance versus excitation 
potential (x) and abundance versus equivalent width (EW) for each of the input 
microturbulent velocities. By removing trends of derived abundance with X, Teff of 
HD219617 was determined to be 6000 K. By removing trends of derived abundance 
with EW, ( in the atmosphere of HD219617 was fitted to be 1. 75 - 2.0 km/s. The 
surface gravity can be determined by comparing the abundances derived with atomic 
lines from the transitions of atomic species in two ionization states. Only when the 
abundance results from the two ionized state lines are ident ical is the ionization state 
in the atmosphere correctly described and is the adopted gravity value appropriate. 
Ideally, the neutral and ionized lines of Fe and Ti should be used for this purpose in 
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our analysis. In practice, only the abundance results from Fe! and Fe! I lines were 
seriously regarded because too few Ti! lines were available. Log g of HD219617 
was so determined to be 4.5 and indicated that HD219617 is a normal unevolved 
subdwarf. Testing calculations indi~ted that the difference of 1.0 <lex in the initial 
input metallicity did not influence the abundance result of WIDTH6. This was 
ascribed to the fact that free electrons are mainly contributed by the H atoms and 
model variations caused by varied metallicity only have a secondary effect on the 
abundance results. 
For the input of the 6000/4.5/-1.5 atmospheric model and ( = 2.0, WIDTH6 
derived element abundances for HD219617 from its individual lines. The abundance 
results are given in column 3 of Table 1 and the output runs of derived abundance 
versus x and derived abundance versus EW for species Fe!, Fell, Ti!, Ti! I, Cr! I, 
Nil, VI I and Col are presented in Fig. 1. The estimated error is a simple Un-ii vn 
standard error for all observed lines for a species and represents a minimum relative 
error. Systematic errors do not seem to be a problem since in general the derived 
abundances were reasonably consistent. The solar abundances are from Cameron 
(1982). 
It can be seen from column 4 of Table 1 that the current abundance analysis 
has basically been confirmed [Fe/ HJ of HD219617 to be about -1.5, with the even-
element Ti being over-abundant by about +0.3. There remains uncertainty in the 
derived Ca abundance since only three strong Cal I lines could be used in the 
analysis. For the species Col, as expected, a much larger ( (= 3.5) was required in 
order to remove trends of derived abundance with EW. The required large ( is due 
to hyperfine splitting of the upper states. But in our analysis the multiplicity of 
high-excitation energy states was ignored and only the major energy state was taken 
into account. As a result, the measured Col lines turned out to be stronger than 
predictions from our calculation. Phenomenologically, the ignorance of the state 
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Table 1 Atomic/Ion Abundances of HD219617 
Atom/Ion #lines Abundance Solar Ratio 
(Ni/Nror) 
Na I 1 -7.18 
-1.50 
Ca II 3 -7.16±0.13 
-1.50 
Ti I 3 -8.16±0.09 
-1.16 
Ti II 34 
-8.12±0.06 
-1.12 
V II 3 
-9.36±0.38 
-1.38 
Cr II 16 
-7.84±0.09 
-1.59 
Fe I 36 
-6.00±0.05 
-1.47 
Fe II 9 
-6.00±0.07 
-1.47 
Ni I 23 
-7.17±0.06 
-1.44 
Cu I 2 
-9.70±0.01 
-1 .86 
Co I 10 
-8.62±0.07 
-1.59 
multiplicity was compensated for by a large microturbulent velocity. In a.dditio·n, 
the O abundance was also derived from three OJ lines at about 7771A but was 
discarded because the result from these three OJ lines has been found to over-
estimate the true O abundance in metal poor subdwarfs (Bessell, Sutherland and 
Ruan 1991). 
7.2 Theoretical Calculations for Analyzing VB12 
The low-resolution far-red (0.55µ - 1.00 µ) spectrum of VB12 was obt.ained with 
FORS on the AAT by Bessell (private communication), as shown in Fig. 2. The 
spectrum shows strong CaH and TiO absorption bands, indicating its low Tef f· 
The R-I color of VB12 is 0.88 mag on the Kron sys tem and 1.12 mag on the Cousins 
system. , 
In addition to Teff and [M/H], the oxygen over-abundance [0/J\1] of VB12 also 
significan tly affects the R-1 color and TiO bands of the spectrum. Using the available 
abundance information obtai ned from the analysis of IID219617, we have actually 
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been able to determine Teff and [0/MJ simultaneously for VB12 according to its 
observed R-I and the strength of the TiO .\7710 band by applying our theoretical 
predictions. These predictions were obtained from the synthetic spectra calculated 
with appropriate atmospheric parameters. 
From the abundance analysis of HD219617 in the previous section, we can rea-
sonably assume that the metallicity of VB12 is -1.5, together with [Ti/.M] of +0.3. 
Since Ca, like Ti, is also an even-element, [Ca/M] = +0.3 was assumed. The Ca 
abundance will have an effect on the TiO band strength through the contamination 
of Call bands when Teff is very low. The luminosity displacement of 1.22 mag 
suggested by Eggen (1978a) to explain the VB12 position in the R-I - M 1 plane is 
equivalent to 0.37 in log g. Such a small variation in log g does not markedly alter 
the spectral appearance, i.e. the colors are not affected. In other words, the gravity 
deviation if any, of VB12 from the typical gravity value of M dwarfs does not appear 
to affect its spectrum. Therefore, it is reasonable to compare the spectrum of VB12 
with the synthetic spectra of log g = 5. For a series Tef f ( = 3800, 3500, 3250 and 
3000 K), synthetic spectra were calculated with log g = 5; [M/ H] = -1.5; [Ti/ M] 
= [Ca/M] = 0, 0.3; [0/MJ = 0, 0.25, 0.5, 0.75. The R-I color and EW of the TiO 
.\7710 were measured for all the spectra with results presented in Fig. 3 and Fig. 4. 
7.3 Teff and O Abundance of VB12 and Discussion 
Fig. 3 plots R-I versus Tef f and EW of the TiO ,\ 7710 band (in logarithmic units) 
v rsus Teff for the spectra calcu lated with [0/.l\1] = 0 and [Ti/1,1] = [Ca/J\1] = 0 
(represented by full dots), +0.3 (open dots) respectively. The effect of a Ti over-
abundance on the spectra is seen to be st raightforward . As expect.ed, the TiO band 
strengthens with [Ti/J\1] at any Teff· Consistently, the over-abundance of Ti a.nd 
Camak s the spectra redder via the strengthened TiO and Calf absorptions. The 
amount of R-I reddening increases as Tef f decreases. 
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Fig. 4 plots R-I versus Tef f and the EW of the TiO ). 7710 band versus Tef J for 
the spectra calculated with [Ti/M] = [Ca/M] = +0.3 and [0/M) = 0, 0.25, 0.5, 
0.75 (represented by circles, triangles, squares and crosses in the plot) respectively. 
As expected, the TiO band strengthens with [O / M]. But the effect of O over-
abundance on R-I is less straightforward. Somewhat unexpectedly, the R-I color 
becomes bluer with [0/M). This is ascribed to the fact that R-I is now determined 
more from the strength of the C aH bands than from the TiO bands because the 
CaH bands are more sensitive to [0/M]. As [0/M] increases, the CaH >.6800 band 
dominant in the R passband becomes significantly weaker but the TiO bands in the 
I passband become only slightly stronger. As a result, the R-I color decreases with 
[0/M). 
According to the results shown in Fig. 4b, the R-I color of VB12 ( = 1.10) leads 
to Teff of VB12 falling in the range 3160 K - 3200 K. The uncertainty is due 
to the unknown [O / M]. Fortunately, the R-I color is still very insensitive to the 
[ 0 / M] variation at Tef J = 3200 K so that this Tel f uncertainty is les·s than 50 K. 
It is satisfactory that we have efficiently determined Tef f for VB12 with this high 
prec1s10n. 
Using the determined Tef f range and the measured EW of the TiO ). 7100 band 
(log(EW) ~ 1.6 mA) as constraints, we estimated [O / M] of VB12 to fall in the 
range 0.3 - 0.5 dex according to the theoretical results shown in Fig. 4a. This 
[0/M] value range agrees with the overabundance of O derived for HD219617 using 
the UV OH lines (Bessell, Sutherland and Ruan 1991 ). Applying this [O / M] range 
together with the R-I color of VB12 to the results in Fig. 4b, we could improve the 
precision of the Teff estimation, and in turn further reduce the uncertainty of the 
[O / M] estimation from Fig. 4a. The final results for VB12 are Tef 1 ~ 3175 K and 
[O / M] ~ +0.35. In summary, we have determined the atmospheric properties for 
VB12 to be Teff = 3175 K, log g = 5, [M/H] = -1.5 with [Ti/M] = [Ca/M] = 0.3 
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and [0/M] ~ 0.35. The synthetic spectrum of 3250/5/-1.5 with [Ti/M] = [Ca/M] 
= 0.3 a:'.l.d [O / M] = 0.5, which is hotter but more oxygen abundarit than VB12, is 
expected to fit the observed spectrum of VB12, as shown in Fig. 5. 
Hence we have found that VB12 is more metal deficient than GL191 by about 
0.8 dex (see Chapter 6 for the analysis of GL191) . For an M dwarf with [M/ HJ of 
GL191 (about -0.70 dex) and Teff of VB12 (3175 K), its R-1 was estimated to be 
about 1.34 mag on the Cousins system and 1.05 mag on the Kron system, according 
to the theoretical results presented in Chapter 4, 0.17 mag redder than the R-1 color 
of VB12. This implies that the falling of VB12 below the halo subdwarf track in the 
R-I - M1 plane is mainly caused by the contaminating effect of molecular absorption 
on the R-I color. Were VB12 to have this R-1 color it would lie close to Eggen's 
subdwarf sequence, therefore we see that VB12 falls below the 'normal' subdwarf 
track on the R-1 - M1 plane because its lower abundance results in a bluer R-I color 
for its temperature compared to the parallax M subdwarfs. 
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Figure and Table Captions 
Fig. 1 The scatter about the mean abundance of Fe!, Fe! I, Ti/, Ti/ I, Cr/ I, 
Nil, VI I and Col as a function of the excitation potential (x) and equivalent 
width (EW). 
Fig. 2 Observed far-red spectrum of VB12. 
Fig. 3 Results of the TiO A7100 band strength and R-I obtained from the synthetic 
spectra calculated with Tell = 3800, 3500, 3250 and 3000 K; log g = 5; [M/ H] 
= -1.5 and [0/M] = O; [Ti/MJ = [Ca/M] = 0 (•) and 0.3 (o). 
Fig. 4 Results of the TiO A 7100 band strength and R-I obtained from the synthetic 
spectra calculated with Tell = 3800, 3500, 3250, 3000 K; log g = 5; [M/ H] = 
-1.5 and [Ti/M] = [Ca/M] = 0.3; [0/M] = 0 (o), 0.25 (6), 0.5 (D) and 0.75 
(+). 
Fig. 5 Comparison between the far-red spectrum of VB12 and the synthetic spec-
trum produced with 3250/5/-1.5 ,[Ti/M] = [CaH/M] = 0.3, and [0/M] = 0.25. 
Table 1 Abundance results of HD219617 from spectral line analysis by using 
WIDTH6. 
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Chapter 8 
JOLA Synthetic FeH Band with Band Head at ·9896.A. 
The absorption band feature at rv9910.A in the spectra of late-type M dwarfs and 
S type stars has been firmly identified to be the FeH band (Nordh et al. 1977, Wing 
et al. 1977, Clegg 1978), and was found to be very sensitive to the luminosity of 
the stars ( e.g. Wing 1974 and Nordh et al. 1977). The quantitative analysis of the 
FeH band is highly desirable to accurately estimate the gravities of cool giants. Any 
uncertainty in the determined luminosity affects the abundance estimate and results 
in an inability to distinguish the stellar content in external galaxies. With regard 
to M dwarfs, recently observed spectra have indicated that this FeH band feature 
can also be very useful in investigating the atmospheric parameters of late-type M 
dwarfs. The low-resolution far-red spectra of late-type M dwarfs, presented in Fig. 1 
and Fig. 2 of Chapter 2, clearly show the FeH absorption feature at rv99IO.A. In 
those spectra, the common outstanding features are the strong TiO, CaH and VO 
absorption bands. The FeH band becomes increasingly strong as the stars become 
cooler. As the absorption bands of other molecules such as TiO, VO and CaH tend 
towards saturation in very late-type M dwarfs, the FeH band remains sensitive to 
-
effective temperature. In order to use the FeH band in the study of late-type M 
dwarfs, it is essential to be able to synthesize it on the basis of photospheric models. 
Phillips et al. (1987, PDLB hereafter) reported the results of a rotational analysis 
on the seven bands of the 4.6-4.6 system of the FeH molecule and pointed out 
that the A9910 FeH feature is the (0 - 0) band of this system with the band 
head at 9896.A. The other six bands do not show up in the stellar spectra. The 
spectroscopic molecular data of FeH supplied in their results has made it possible 
to calculate the absorption coefficient for the FeH band. However, the as yet 
insufficient knowledge about the molecular structure of FeH leads to difficulties 
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in the partition function calculation such that the partition function can only be 
calculated with some approximations. 
In this chapter, the estimate of the FeH partition function is first briefly de-
scribed, then the value of the dissociation energy De of FeH, which directly affects 
the F eH abundance is discussed, followed by the calculation of the partial pressure 
and the JOLA opacity of the FeH band; finally, we present the calculation results 
and the comparison with the observed FeH band. 
5.1 The Partition Function of FeH 
Molecular partition functions are the weighted Boltzmann factors summed over elec-
tronic, vibrational, rotational and transitional levels. The summation of the former 
three states is defined as the molecular internal partition function, which is of par-
ticular interest. Molecular internal partition functions are usually calculated by 
assuming a particular molecular model. In the current study, the FeH molecule is 
regarded as an anharmonic vibrating rotator instead of a rigid rotator or a harmonic 
vibrating rotator. 
5.1.1 Rotational Partition Function 
For FeH, the rotational level J of a given vibrating and electronic state (el,v) h;rs 
the energy form of 
if the FeH molecule is regarded as a non-rigid rotator. The rotational partition 
function of the (el, v) state is 
00 
Q~~T = I: (2J + l)e-E~~T(J)/kT_ 
J =O 
The rotational constants B, D and Hare functions of the vibrational level v because 
of the interaction between vibration and rotation. 
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In PDLB's study, the values of B, D and Hare available only for the first three ~ 
vibratio!lal levels (v = 0, 1 and 2). In the present calculation, the values of B, D 
and H for the intermediate vibrational levels, which have the value of v between 3 
and a certain number v0 1 f were estimated with the formulae 
Bv =Be+ ae(v + ~) + 1'e(v + ~)2 
Dv =De+ f3e(v + ~) + he(v + ~) 2 
Hv =He+ le(v + ~) + (e(v + i)2, 
where the effective rotational constants are obtained by fitting the values of B, D 
and H of v = 0, I and 2 with the above quadratic formulae. When v becomes 
larger than v 0 1 f, the values of QROT of those vibrational levels become obviously 
ridiculous. Therefore for v 2: v0 1 f, the values of B were estimated by an exponential 
decay formula which fits Bi (i = 1, 2 and 3); and the values of D and H were 
taken to be zero. Because these fits were based on only three points, the estimated 
values of B, D and H for the vibrational levels of v 2: 3 can be expected to be 
rather crude. The number of rotational states up summed over in the calculation of 
rotational partition function was determined by monitoring its convergence. 
5.1.2 Vibrational Partition Function 
For FeH, a vibrational level v of a given electronic state el has the energy form of 
if the FeH molecule is regarded as an anharmonic oscillator which has a Morse 
potential curve. For a given el state, the vibrational partition function of such an 
oscillator, referred to the potential minimum, is 
Vmo.% 
QVIB _ '""" -EVIB(v)/kT el - L...., e ei ' 
v=O 
where Vmax is the greatest integer less than or equal to -
2 
w. - -
2
1
• 
WeXe 
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5.1.3 Electronic Partition Function 
The electronic partition function has the usual form 
00 
QEL = L Wee-Te(el)/kT_ 
el=O 
The We in the formula has the form (Schadee 1964) 
We= (2 - 8o,A)(2S + 1), 
where 8i,i = 1 for E states and 8i,i = 0 for other states. 
Determination of the electronic structure of FeH remains open. Some discrep-
ances exist in the reported results. The electronic structure of FeH obtained by 
Scott and Richard (1975) is almost entirely at variance to that of Walker et al. 
(1972). More recent studies concentrate on the determination of the ground elec-
tronic state. Stevens et al. (1983) assigned the lowest state of FeH as 4 6 quali-
tatively for the first time. Some recent theoretical calculations have confirmed this 
assignation (Walch 1984, Bauschlicher and Langhoff 1988). 
Only the two 4 6 electronic states ( the lower one has been known to be the ground 
state) which have been fully analyzed by PDLB, were considered in the calculation 
of the electronic partition function in this tentative study. Although the result will 
be evidently crude, it is not worthwhile to complicate the calculation with very 
uncertain information at this preliminary stage. The important point is including 
the ground state. It can be reasonably assumed that the excited states, which have 
been omitted in the calculation, have much smaller contribution to the partition 
function than does the ground state. Once more knowledge about the structure of 
FeH becomes available, its partition function can be readily improved. 
In summary, the internal partition function of FeH is 
Vmo;r Vmo.i: 
Q = W "°' [e-E;;~i(v)/kTQROT ] + W e- T.f kT "°' [e-E;;~f(v)/kTQROT ] F eH e 0 el= O,v e 0 el= l,v · 
v=O v=O 
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5.2 Dissociation Energy, Relative Abundance and 
FeH JOLA Opacity 
The value of the dissociation energy De of FeH is critical in determining the relative 
abundance of FeH. A theoretical estimate by Walker et al. (1972) gave a value of 2.4 
eV, which is consistent with the estimated value based on a normal Morse potential; 
however, later results have shown a much smaller value. Carroll et al. (1976) 
found empirically (from comparison of line strengths in laboratory, photospheric 
and sunspot spectra) that the value may be as low as l.OeV, A recent theoretical 
calculation (Doig et al. 1987) also gave a value of rvl.O eV. A low FeH dissociation 
energy is supported by the facts that 1) the FeH band only shows up in the low-
resolution spectra of M dwarfs rather than in those of M giants, which implies that 
a high gas pressure is required for the FeH formation and 2) the FeH band is not 
prominent in the low-resolution spectra of M dwarfs hotter than 3200 K, whereas 
the MgH and CaH bands are already fairly strong in early-type M dwarfs although 
their dissociation energies are also known to be low. Both values of 2.4 eVand l.OeV 
for De were adopted in a testing calculation. It turned out that only the 1.0 eVvalue 
produces the FeH band feature of satisfactory strength with a reasonably assumed 
gf-value. Therefore De = l.O eVhas been adopted in our formal calculations. 
The dissociation equilibrium constant of FeH was calculated with the formula 
in dyn/cm2 (Tatum 1966): 
where QFe and QH, the internal partition functions of Fe and H respectively, were 
from Irwin (1981). Once J(FeH was available, the FeH molecule could be included in 
the equation of state. The relative abundance of FeH at any given temperature, gas 
pressure and chemical composition has been obtained by solving the Fell-included 
equation of state using an adapted computer code primarily developed by Tsuji 
(1973). In the current version of this code, 34 elements a.nd 61 of the most important 
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molecules are taken into account in terms of their -dissociation equilibrium constants. 
Fig. 1 illustrates the partial pressure distribution of FeH with optical depth ·in the 
photospheric model of 2750/5/0 (Te11/log g/[M/H]), along with that of CaH for 
com pan son. 
The FeH band has been synthesized using the JOLA formula. The calculated 
absorption coefficient based on JOLA is a kind of Straight Mean opacity. The basic 
assumption of JOLA is that the rotational lines completely smear out and that 
the absorption . within a band can be treated as a continuum. Tsuji (1971) and 
Wayte (1986) found that this approximation is not truly valid for diatomic hydride 
molecules under the stellar conditions concerned. The JOLA bands appeared too 
strong compared to the observation. Undoubtedly, JOLA is not necessarily true 
for the case of FeH. However, the inadequacy ascribed to this assumption might 
have a smaller effect compared with uncertainties about the FeH structure and 
' 
the gf-value of the FeH band. The JOLA formula developed by Tsuji (1971) was 
applied to calculate the mean absorption coefficient of the FeH band. The Franck-
Condon factor q00 was evaluated to be 0.84 7 on the basis of the spectroscopic data 
by Phillips et al. (1987) using the method of Nicholls (1981). The gf-value of the 
(0 - 0) transition is a free parameter and was determined to be 0.05 by means of 
roughly matching the predicted band strength with observations. Such evaluated 
gf-values can be expected to have large uncertainties. 
5.3 Results and Discussion 
The FeH absorption band was synthesized in the most realistic photospheric models 
of M dwarfs computed so far. The construction and discussion of the models are 
given in Chapter 3. Fig. 2 shows the comparison between the synthetic spectrum of 
the 2500/5/0 photospheric model and those of the 2750/5/0, 2500/4/0 and 2500/5/-
1 models respectively. The synthetic spectra have a resolution of about 11.A and the 
FeH absorption band clearly appears at -9910.A in each of the spectra. Inspecting 
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the strength variation of the FeH band with Teff, log g, and [M/H], the following 
behavior of the FeH band has been found: 
• In the hotter 2750/5/0 spectrum of Fig. 2, the FeH band, as with all the 
other molecular bands, becomes remarkably weaker compared to the cooler 
2500/5/0 spectrum. 
• In the lower gravity 2500/4/0 spectrum of Fig. 2, the FeH band is consider-
ably weaker than in the higher gravity 2500/5/0 spectrum, whereas the TiO 
and VO molecular bands remain unchanged as expected. The C aH band 
does not appear weaker since it is already saturated. This coincides with the 
expectation that the FeH band in the spectra of late-type M dwarfs is very 
sensitive to surface gravity (or luminosity). 
• In the metal deficient 2500/5/-1 spectrum of Fig. 2, the FeH band evi-
dently becomes stronger as the TiO and VO bands become weaker com-
pared with those in the 2500/5/0 spectrum. This can be ascribed to that 
1) n(FeH)/n(H-) decreases more slowly than does n(TiO)/n(H-) with de-
creasing metallicity; 2) the gas pressure is enhanced due to metal deficiency. 
The strengthening of the CaH band in the metal poor spectrum is much less 
clear because it is almost saturated. 
Comparisons of the synthetic FeH bands with observations were also carried out. 
The observational data are the far-red low-resolution spectra of M dwarfs, described 
in Chapter 2. Fig. 3a shows the comparison between the observed FeH band in 
the spectrum of GL551 (Proxima Centauri ), a solar abundance MS dwarf, and 
the band synthesized in the 2750/5/0 model. Similarly, Fig. 3b compares the FeH 
band in the spectrum of GL 752B (VB10), a solar abundance M7 dwarf, with the 
band synthesized in the 2500/5/0 model. The agreement between the theoretical 
predictions and observations is encouragmg. Both the wavelength position and 
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the band shape at the band head of the predicted band are in good agreement 
with observations. The poor matches at the longer wavelength may be due to 
the shortcomings of JOLA in the absorption coefficient. Although the predicted 
strengths of the band are of the right order, this agreement is not entirely convincing 
because of uncertainties in the parameters adopted in the calculation. 
In summary, with the data of the molecular structure of Fell available so far, 
the partition function, the dissociation equilibrium constant and the (0-0) band 
absorption coefficient for Fell have been calculated under several somewhat crude 
approximations. Based on these calculations, the A9910 Fell band has been ten-
tatively synthesized in realistic model photospheres of late-type M dwarfs. The 
computed Fell band features show the correct behavior with the variations of Teff, 
log g and [M/ HJ of the models. The comparison between the predicted Fell band 
features and the observed Fell bands in late-type M dwarfs turns out to be sat-
isfactory. When better data about the molecular structure of Fell are available, 
uncertainties in the calculation results can be largely eliminated. 
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Figure Captions 
Fig. 1 Distributions of FeH and CaH partial pressures calculated in the photo-
spheric model of 2750/5/0 (TeJJflog g/[M/H]). 
Fig. 2 The 2750/5/0, 2500/4/0 and 2500/5/-1 synthetic spectra compared with 
the 2500/5/0 synthetic spectrum respectively, showing the change in strength of 
the FeH band with TeJ 1, log g and metallicity. 
Fig. 3 a) Comparison between the observed FeH band in the spectrum of GL551 
(Proxima Centaurus) and the synthetic band in the 2750/5/0 spectrum; b) com-
parison between the observed FeH band in the spectrum of GL752B (VBlO) and 
the synthetic band in the 2500/5/0 spectrum. 
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Chapter 9 
Conclusion 
Unlike their hotter G and K counterparts, the coolest main-sequence stars - M 
dwarfs , especially the late-type M dwarfs, present spectra which are dominated by 
many strong molecular absorption bands (seethe observed spectra shown in Chapter 
2). The large number of molecules in the photosphere of an M dwarf affects both its 
spectral-energy distribution and the thermal structure of its photosphere, the latter 
in turn also has effects on the outgoing flux. As this thesis has shown, the effects of 
molecules on the spectra and photospheres of M dwarfs make the photospheric study 
of M dwarfs unexpectedly difficult and challenge some of the analytical methods 
previously developed for hotter stars. More basically, the standard understanding 
( or treatment) of the physical processes in the photospheres of the coolest M dwarfs 
has been found to be inadequate. 
A plane-parallel model photosphere code of Wehrse was modified, extended and 
used to produce a large grid of molecular band blanketed model photospheres for 
M dwarfs. The Tef J and abundances of this grid are listed in Table 2 of Chapter 3. 
Synthetic spectra calculated from this model grid were compared with observations 
and apart from some unsatisfactory results for the coolest photospheric models, 
most of our theoretical results have been verified by comparison with observations. 
The higher temperature synthetic spectra can successfully be used to get Tel J and 
abundances from observed spectra of early-type M dwarfs. However, it should be 
mentioned that the method of fitting synthetic spectra to observations, an impor-
tant means of applying theoretical models to actual stars, raises difficulties for M 
dwarfs, resulting from uncertainties in the molecular data, particularly uncertainties 
in the so far determined band gf-valu s. The available molecular data may be ade-
quate for the purpose of model construction, but they sti ll limit the precision of the 
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photospheric parameters determined for M dwarfs by comparing synthetic spectra 
with the observations (see Chapter 3). The most reliable results from studies of this 
kind are the effective temperatures determined for early-type M dwarfs by fitting 
the model spectra to the quasi-continuum around the 1.0µ wavelength region in the 
observed spectra. 
With respect to the theoretical modeling of the photospheres for M dwarfs, the 
acknowledged problem of the treatment of the millions of molecular absorption lines 
does not seem to be very serious for M dwarfs. The broad molecular absorption 
lines due to the low temperature and high gas pressure actually make them easily 
described. From the analyses in the current study, the simple JOLA opacities have 
been proven to be adequate to produce photospheric models with sufficient accuracy. 
In both our model construction and that of Allard, all the important molecular 
species have been properly included in the equation of state. Having solved the prob-
lem associated with the molecules, the photospheric models of M dwarfs constructed 
on the basis of the conventional physical assumptions might then be expected to be 
sufficient accurate. Errors in the models introduced by the departure from LTE 
and the failure of the plane-parallel geometry assumption have generally been be-
lieved to be small for M dwarfs. The local-mixing 
length theory of convection did not seem to be a problem for M dwarfs, despite its 
well-known over-simplicity and crudeness, because convection soon becomes efficient 
after it sets up. However, the disagreement between the synthetic spectra of the cool 
models (Teff < 3200 K) and the observations in the near-IR wavelength region (LOµ 
- 4.0µ) discovered in this study has revealed that the temperature stratification in 
the cool models constructed according to the above assumptions is incorrect, pro-
vided the use of the adopted laboratory H2 0 absorption coefficients of Ludwig et 
al. (1973) is reliable. While it has been suggested from our analyses that the reason 
for the incorrect temperature structures is likely to be the unsatisfactory convection 
theory, a final solution has not yet been found. It would be worthwhile and inter-
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esting to app ly Xiong's non-local statist ical convection theory to the photospheric 
modeling of M dwarfs (see Chapter 3). 
Some methods of investigating photospheric properties of M dwarfs have been 
examined on the basis of our theoretical results (see Chapter 4- and Chapter 5). 
The semi-empirical black-body method of determining effective temperatures of 
M dwarfs becomes unreliable because of the existence of molecules in the photo-
spheres. The absorption of molecules in the photosphere of an M dwarf not only 
causes the spectral-energy distribution to deviate from a black-body curve, but also 
causes the black-body temperature associated with the continuous flux to differ from 
the effective temperature. Here, we have ideally assumed that the continuum can be 
defined after taking the molecular absorptions into account. Our analysis has sug-
gested that photospheric investigations of M dwarfs should rely on the theoretical 
spectral predictions. 
Difficulties inherent in the method of using individual atomic lines to analyze 
the element abundances of M dwarfs arise from three aspects. First, the molecu-
lar absorption bands contaminate the continuum of the stellar spectra so that the 
measured equivalent width of the spectral lines lacks precision. Second, the element 
concerned may exist primarily in the form of molecule and the interpretation of the 
atomic-line strengths of this element depends not only on its abundance but also on 
the abundance of the other element(s) composing the molecules. Third, elements 
which provide free electrons are those readily ionized metallic elements, such as 
Na, Mg, Ca. Therefore the determination of the abundance of any given element 
from its individual lines is related to the abundance approximation of those electron 
contributing elements because their abundance affects the continuous opacity. 
De.~pi~e some complexity and difficulty, we have satisfactorily investigated the 
atmospheric properties for two early-type M subdwarfs, GL191 and VB12. Both 
stars belong to the halo population and have been suggested to have metallicity as 
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low as -1.8 dex. We aimed to obtain the metallicities of GL191 and VB12, to explain 
why their far-red spectra were so different and to find the reason of the puzzling 
deviation of VB12 from the halo sequence on the M1 - R-I plane (Chapter 6 and 
Chapter 7). 
Taking a comprehensive approach, Fe and Ti abundances in GL191 have been 
directly determined from the neutral atomic Fe and Ti lines to be -0.85 and -0.75 
dex respectively. The overabundance of O ((0 / Ml) has been found to be +0.3 dex 
from GL191 's near-IR spectrum. The average abundance of those easily ionized 
elements (Me/ H] has been indirectly determined to be _-0.65 dex by applying the 
existing results with respect to inter-relationships of the relevant elements in metal 
deficient field stars. 
Using the R-I colors and TiO band strengths of our synthetic spectra, we have 
determined the Tel f and the O abundance for the extreme subdwarf VB12 . With 
the average metallicity (M / HJ = -1.5, obtained from individual line analysis of 
HD219617, the Teff of VB12 was found to be about 3175 Kand (0/M] ~ +0.35. 
These obtained atmospheric parameters lead to the explanation for the location of 
VB12 on the M1 - R-I plane that its deviation from the halo sequence is caused 
by the larger metal deficiency. 
As an additional application of our models and spectral systhesis technique, the 
FeH >.9896 band has been successfully calculated based on the molecular structure 
data of FeH available so far (see Chapter 8) . 
The determination of the photospheric properties for M dwarfs with high pre-
cision will continue to present difficulties until some progress in the following two 
aspects is achieved. From the viewpoint of applying the theoretical results to the 
actual stars, the crucial task is to get accurate molecular opacities based on the 
molecular parameters of the highly enhanced accuracy. From the viewpoint of un-
derstanding the physics of photospheres of late-type M dwarfs, it will be necessary 
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to ciarify and solve the problem in the cool photospheric models, as realized from 
this study. In addition, higher resolution near-IR spectra of late-type M dwarfs 
would be useful to further check the flux heights in the J, H, K and L bands and to 
investigate the effect of the H20 absorptions in detail. 
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